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ABSTRACT

The solution behavior of hydroxypropylcellulose (H PC) was investigated in
detail via molecular probe diffusion.

The diffusivities of two very different

probes, polystyrene latex spheres and sodium fluorescein dye, in aqueous
solutions of HPC of three different molecular weights were measured by
quasielastic light scattering (QELS) for latex probes and fluorescence
photobleaching recovery (F PR ) for dye probes.
In aqueous HPC, the latex spheres have a tendency to form clusters by
adsorption of HPC and bridging of the latex spheres.

The microviscosities

calculated from th e Stokes—Einstein relationship using th e bare spheres radii
exceeded th e measured shear viscosities from cone and plate and suspended
capillary viscometers.

When the clusters sizes were used to recalculate the

microviscosity, agreement was found between the microviscosity and the
measured viscosity.

Addition of a surfactant can prevent surface interactions

between the probe and HPC.
The nonexponentiality of the autocorrelation function from QELS
m easurements of ternary solutions can lead to erroneous results when only
simple cum ulants analyses are used.

Rigorous analyses of the autocorrelation

functions utilizing two Laplace inversion routines revealed a bimodal
distribution.
the latex.

The stronger slower mode was associated with the diffusion of
The Stokes-Einstein equation failed tw o-fold a t high

concentration, even after resolving the two modes, but not at as dram atically
as observed by others.
Diffusivity of sodium fluorescein dye was measured by F P R in 0—70%
HPC solutions, spanning both the isotropic and lyotropic liquid crystal

regime.

Probe diffusivities decrease almost exponentially with HPC

concentration.

Measurements made as a function of tem perature showed th at

th e dye followed Arrhenius behavior.

T he experimental data were compared

to the "universal curve", the Fujita free volume theory, and obstruction
theories by Fricke, and Mackie and Meares.

In general, all of these theories

seem to be less successful for dye diffusion in HPC than they are for dye or
solvent diffusion in linear random coil polymers.
should be so.

It is not clear why this

However, specific interaction between the dye and HPC was

ruled out by a series of fluorescence spectroscopic measurements.

C hapter I
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INTRODUCTION

The molecular dynamic of polymers in solutions remains a subject of
considerable interest as evidenced by numerous reports of experimental
studies [1 ,2 ], as well as the theoretical models [3-6] th a t have uniquely
converged to this area.

T he m ajority of the applications to polymer

solutions has been concerned with the dilute regime, though the semidilute
and concentrated regimes have attracted a great deal of attention lately.
Basically, diffusion is a process by which m atter is transported from one
part of a system to another as a result of random Brownian motions of
the molecules.

The focus in transport phenomena in polymers arises from

the fact th a t a num ber of im portant and practical applications depend
entirely or in part on it.

A popular strategy for the study of molecular

diffusion in polymer systems has been to use probes to elucidate molecular
motions as well as fundamental properties of the complex solutions.
This thesis covers prim arily probe diffusion phenomena in a polymer
th at has the capability to form ordered solutions.

The study is

implemented by the selection of hydroxypropylcellulose (H PC), a water
soluble polymer.

Although the polymer has not gained such commercial

im portance as the polyolefins, its range of commercial applications is very
broad in such diverse industries as adhesives, cosmetics, food, paper, and
pharmaceuticals in a variety of functions.

In the light of recent

environmental awareness, HPC has not been shown to have damaging
effects in ecological systems [7].

Evidently, it is non—toxic, as it is

available in food grades and is susceptible to microbial degradation.
The major experimental variables in this study are the probe radius,
the concentration and the molecular weight of HPC.

The two principle
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tools in this s t u d y are light scattering and fluorescence photobleaching
recovery.

Each technique is grouped and described with the appropriate

component of this work; the light scattering with the latex probes and
F P R w ith th e dye probes.

As a result, the polymer characterization

section in C hapter II is ahead of the description on light scattering
background and sample preparation protocol.

Chapter II also introduces

the structural properties of HPC.
The main content of Chapter III is two published articles on the
diffusion of polystyrene latex spheres in aqueous HPC solutions.

The first

focuses on the static and dynamic interactions between the latexes and
HPC using quasielastic and static light scattering as the primary method
of investigation.

The second paper addresses th e essentials of rigorous and

thorough d ata analysis on nonexponential QELS correlation functions of
latex probe diffusion measurements.

The Stokes—Einstein equation has been

used widely to describe the diffusion of probe particles in complex
solutions, although the equation does not always work.

However, we found

th at an erroneous method of analysis often employed contributed largely to
the failure.

Based on Laplace inversion of data, the validity of the range

of the Stokes—Einstein relationship for probe diffusion was reevaluated.
Additionally, th e basis of the stretched exponential treatm ent was tested.
C hapter IV is a continuation of the probe diffusion study on the
same system but using a much smaller probe, sodium fluorescein dye.

A

tracer diffusion technique, fluorescence photobleaching recovery, was
employed to determine the diffusivity of the dye probe.

The wide range

of this method ( 1 0 ' 1S to 1 0 -5 c m /sa) enabled measurements of diffusivities
in 0 to 70 percent polymer concentrations, well beyond the dilute and
semidilute solution regime of Chapter III.
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The experiment in Chapter V strays outside the main discipline of
this thesis.

The polymers involved, poly(p-phenylenebenzobisthiazole), PB T,

and poly( 7 -benzyl—a ,l-g lu ta m a te ), PBLG, are hardly water soluble.
fact, P B T is only soluble in strong acids.

In

However, they go along with

HPC under the unified theme of semiflexible polymer.

The chapter

describes some opportunities for utilizing gelation of rodlike polymers for
production of new m aterials via phase separation.
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INTRODUCTION

The contents of Chapter II is dedicated to studies performed to
examine some fundam ental physical properties of the m atrix polymer,
hydroxypropylcellulose (HPC), and does not include transport behavior
studies of HPC solutions.

Therefore, the reader may skip this chapter

onto the following where the report on probe molecular diffusion study
begins.
The Zimm plot analyses and a workable fractionation procedure for
HPC are reported within this chapter, and as HPC has been chosen to be
a m atrix m aterial in our probe diffusion study of complex solutions, it is
also appropriate to investigate and summarize its structural properties.
This chapter does not include an extensive study of the mesophase
formation of HPC; rather, the purpose is to aid in the interpretation of
the probe diffusion studies th at follow, and dem onstrate why our system is
fundamentally different from the numerous ternary systems th at have been
examined.

H PC belongs to a class of cellulose ether derivatives th a t is

soluble in w ater as well as many organic solvents [1].

Two interesting

features of H PC , connected to this study, are its semirigid structure due
to intram olecular hydrogen bonding of its regular cellulose backbones
(Figure I I.l), and its nonionic nature, unlike most synthetic rodlike
polymers which are highly charged in solutions.
HPC is about

100 A

[2,3].

The persistence length of

The reported value of the constant a in the

Mark—Houwink—Sakurada equation, [77] = KM*, for HPC in ethanol is 1.17
[1], where [77] is the intrinsic viscosity, M is the molecular weight of the
monomeric unit, and K and a are constants for a given polymer.

The
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corresponding reported K value for HPC in ethanol is 0 .1 2 1 m L/g [4].
Values of a range from 0.5 to 0.8 for Gaussian coils, but any value in
excess of 0.8 up to 1.8 indicates lim ited flexibility.

Even dilute solutions

of HPC exhibit high viscosities: the viscosities increase exponentially with
concentration (Chapter III).

ZIMM PLOTS

HPC of three different molecular weights— 1,000,000; 300,000 and
60,000 g/m ol were purchased from Scientific Polymer Products.

The Zimm

plots were obtained from static light scattering measurements on the
apparatus to be described in Chapter III for dynamic light scattering.
This instrum ent can be optimized for either light scattering method.
Sample preparation for light scattering measurement more or less followed
the protocol to be discussed also in Chapter III.
In a Zimm plot experiment, the scattered light of the sample was
measured at several solution concentrations at various angles [5].

The

results for HPC-300,000 and —1 ,0 0 0 ,0 0 0 by Zimm plot analysis [6,7] are
shown in Figures II .2 and 3, respectively.
laser wavelength of 5145

A.

Both were measured with a

The value used

of refraction, dn/dc, was 0.131 ± 0.003 m l/g.

[8]

for the differential index

Toluene was used as the

reference standard and the Rayleigh factor calibration,
32.06 k 1 0 c m' 1.

toluene> was

The subscript Uv refers to unpolarized detected

scattered intensity and vertically polarized incident beam.

The

HPC-300,000 solutions were measured at 25 °C and HPC-1,000,000 at
30 °C.

The large uncertainties from the Zimm analysis of HPC—1,000,000

were due to difficulties in cleaning the solutions.

In addition, the polymer
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has very high degree of polydispersity.

As the molecular weights claimed

by th e vendor are nearly correct (±3 — 15%), Zimm plot analysis on
H PC-60,000 was not attem pted.

Therefore, we are content to use their

nominal values in reference to a given polymer— for example, HPC-60,000
for HPC for M = 60,000 g/m ol.

FRACTIONATION

HPC—1,000,000 was fractionated by nonsolvent fractional precipitation
[9] based on th e method of Wirick and W aldman [10], the only procedure
known to work for HPC.

HPC fractions were extracted step wise by first

dissolving the polymer in ethanol, as the solvent, and precipitating the
solution with n—heptane, the non-solvent.

The m ixture was agitated

vigorously for at least 12 h and the tem perature m aintained at 30 °C.
The solution w ith a translucent gel—like precipitate was centrifuged to
separate th e "gel" phase from the supernatant.

The clear supernatant was

concentrated under a nitrogen stream until it became a viscous paste.
This was then vacuum dried until constant weight and the final product
was in flake form.

The same procedure was repeated on the precipitate.

The fractionation started with 4 g of dry polymer in 200 g of extractant.
Note th a t this procedure is somewhat the reverse of the conventional
fractional precipitation method [9].

Instead of treating the supernatant

liquid with a further volume of nonsolvent as in the normal process, the
solvent was added to the precipitate to dissolve it and later th e solution
was reprecipitated.

This resulted in the first fraction having the lowest

molecular weight and the succeeding ones progressively increasing molecular
weights.

Four HPC fractions were obtained and total polymer recovery
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was about 94%.

The fractionation results are summarized in Table II. 1 .

Only dynamic light scattering (the light scattering background and details
of sample preparations for light scattering will be discussed in Chapter III)
was used to investigate th e fractions, so neither the weight average
molecular weights, nor th e number average molecular weights, Mn, were
known to determine th e Mw/Mn ratio.

However, from the simple

cum ulant analysis of the dynamic light scattering experiment, the decay
rates show a decrease with the order of fractions collected (see Table II. 1 ).
The fractionation is considered successful on the assumption th a t the faster
the diffusivity, the smaller the molecular weight of the polymer.
Furtherm ore, the polydispersity factors, fi^fV , obtained from the cumulant
analysis are less for the individual fractions compared to the unfractionated
HPC—1,000,000 solution.

The HPC—1,000,000 solution in the unfractionated

state had to be measured in the "multi tau" mode (used for
multiexponential decay curves).
30 °C.

All runs were measured at 6 — 90° and

Unfortunately, the fractionated HPC have not been utilized in the

experiments described in the following chapters, but they should be of use
in future studies (see Chapter IV, Recommendations for Future Studies
section).

MESOPHASE FORM ATION IN
AQUEOUS HYDROXYPROPYLCELLULOSE SOLUTIONS

1.

Historical Background

Flory [11 ] was the first to predict the complete phase diagram for
stiff and rodlike polymers using lattice theories, where the polymers
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undergo a phase separation into ordered and disordered phases.
is a representation of classical Flory phase diagram.

Figure II.4

The systems best

known to behave according to Flory's prediction are polypeptides— for
example, poly( 7 -benzyl—a,L -glutam ate) in organic solvents [12,13].

Other

macromolecules th a t exist as rigid rods are proteins (for example, keratin,
collagen and actin), DNA and RNA, and some viruses (for example,
tobacco mosaic virus) [6 ].

The interest in rodlike polymers is spurred in

part by their intriguing properties as well as the commercialization of high
tensile-strength fibers and films from aromatic polyamide solutions [14—19].
However, these polymers are expensive and difficult to get.

They also

have severe solvent requirements (usually strong acids), normally with
serious polyelectrolyte effects.

In 1976, Werbowyj and Gray [20] reported

their accidental discovery of an inexpensive, w ater soluble polymer th at
displayed structural solution behavior resembling th a t of the polypeptides.
Even though HPC is not a tru e rigid rod, it was found th at concentrated
HPC solutions had high optical rotations, indicating th at the mesophase is
cholesteric [8,20—24].

A comparative investigation of liquid crystalline

structure of two para-linked aromatic polyamides, in addition to
poly('f-benzyl—a,£-glutam ate) and HPC was done by Onogi et al [25].
The conclusion from the study indicated [25] th at HPC solutions undergo a
phase separation from isotropic to biphasic to a single anisotropic phase
with increasing concentration, just like its stiffer analogs.

Also, the

cholesteric pitch of HPC solutions is within the order of the wavelength of
visible light, whereas, for PBLG the corresponding wavelength is much
greater [25].

There is evidence HPC can also form thermotropic liquid

crystals [26,27], which means th a t it can be processed by extrusion and
melt spinning.

The tem perature at which HPC forms a liquid crystalline
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m elt depends slightly on th e molecular weight-, at 60,000 g/m ol, it falls in
the range of 160—205 °C [26].
a self—polarizing effect [28].

It has been shown th a t HPC melts exhibit

The crystalline structure of HPC has been

investigated extensively by Samuels [29].

2.

Cloud P oint Phase Diagram

W hen aqueous solutions of HPC are heated, a phase separation occurs
at about 40 °C depending somewhat on concentration, accompanied by a
sharp increase in turbidity [1,30,31] and decrease in viscosity [1 ],

On

further heating, the polymer coagulates and is seen as a white gel.
Therefore, for H PC the Flory phase diagram should be inverted, where the
wide biphasic region occurs upon heating instead of cooling.

In addition,

Flory has indicated th at both flexibility [10,33] and polydispersity [34] can
influence phase separation behavior.

As HPC has higher flexibility than

polypeptides, the onset of the liquid crystalline region is shifted to higher
polymer composition [20,32].

The shift is also possibly attributed to the

side group interaction [19].

The broadening of biphasic region of the HPC

phase diagram can be explained by high degree of polydispersity of the
polymer [35].
The cloud point phase diagram was constructed for HPC-1,000,000
and —60,000.

The cloud point tem peratures, Tc, were determined using a

light scattering instrum ent th at was modified to detect the change in the
sample’s turbidity at a scattering angle of about 20°.

The se t-u p

consisted of He—Ne laser light source (Hughes Model 3227H—PC, 7 mW @
6328

A),

a M ettler hot stage (FP 82) th at has computer controlled

programmable ram p capability and a photomonitor.

Both hot stage and
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photomonitor were connected to a computer (IBM PC —XT) through a
central processor (M ettler F P 80) to quantitatively measure the scattered
light.

The sample was smeared thinly on a piece of microscope slide with

a cover slip over it, and was sealed around by silicone grease.

Samples

th at were too fluid were loaded into rectangular cells (V itro Dynamics)
having a path length of 0.1 mm and flame sealed.

Figures II.5a and 5b

show the change in scattered intensity for HPC-60,000 having weight
fractions of 0.08604 and 0.5811, respectively, as a function of tem perature.
The rate of tem perature change was 1 °C/m in; hysteresis was observed
upon sample cooling (Figure II.5a).

The cloud tem perature is determined

as the point at which the extrapolations of the two slopes meet.

For

samples at higher concentrations, the behavior became a little more
complex (Figure II.5b).

The transition was no longer as sharp, and the

scattering intensity jum p occurred over a broader tem perature range.
When this happened the cloud point was taken as the first occurrence of
sudden intensity change.
Figure II .6 is the cloud point phase diagram.

A discontinuity is

apparent from about 40 to 48% polymer concentration in the diagram for
HPC—1,000,000, which resembles th at of Kyu and Mukherjee [30],

We did

not go to a high enough concentration to assert the same observation for
the HPC-60,000 series.

However, there is no dependence of cloud point

on the lower end of polymer concentration for either molecular weight.
The curves drawn through the points are only to guide the eye.

3.

Liquid Crystal Phase Identification

Visual observations of liquid crystallinity of HPC were made with a
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polarizing Olympus BHA light microscope.

The samples were the same

ones used in the study of dye diffusion, so they all had sodium fluorescein
added.

The presence of sodium fluorescein at very low levels (< 5 mM)

should not have any effect on the morphology of the HPC solutions.
samples were prepared by weight.

All

The HPC-60,000 and HPC—1,000,000

series of samples from 10 to 70% were placed between glass microscope
slides, with possible shearing.
tem perature.

The studies were made at room

The degree of birefringence and structure of liquid crystals

vary with concentration.

HPC solutions do not show distinctive

morphologies until they reach a certain concentration.

The concentration

at which liquid crystallinity first appears varies slightly with molecular
weight.

The filled points in Figure II .6 indicate isotropic solutions, half

filled points represent biphasic solutions, and open points are liquid
crystalline solutions.

Note that the phases indicated are from observations

made at room tem perature.

For HPC-60,000, the biphasic phase was not

apparent in th e observation through polarizing microscopy, thus th e region
is not marked.
H PC samples at low concentrations appeared totally dark when viewed
through crossed polarizers, indicating th at they are isotropic.

In the

two—phase region, small birefringent particles and aggregates of these
particles are suspended in the isotropic phase— refer to photomicrograph (a)
in Figure II.7.

The birefringent particles observed were normally large

isolated spherulites with a banded Maltese cross when observed between
crossed polarizers.

Sometimes the birefringent aggregates look like

rectangular rods, with striationB across them, as in photograph (b) in
Figure II.7.

At the higher concentration end of the biphasic zone, the

anisotropic region appears to have more spherulites (some look deformed)
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and rodlike aggregates, and the birefringence in the background appears
more wispy, Figure 11.7(b).

Photomicrographs (c) and (d) of

HPC—1,000,000 in Figure II.7 show a high degree of birefringence of the
samples, where the solutions are in the single liquid crystalline phase.
The anisotropic region of HPC—1 M solution of weight fraction 0.7044,
Figure II. 8 , showed iridescent colors.
analyzer was rotated slightly.

These colors changed when the

Band textures, or the so-called finger print

patterns, were observed as well.

The cholesteric superstructures have been

studied in detail by Robinson et al. for PBLG solutions [12,13,36],
proposed model for cholesteric structure is shown in Figure II.9.

The
The

rodlike molecules are represented by the parallel lines on the tw isted
planes.

HPC band textures may also be explained by this model.

However, it is believed th at the origin of these band textures may be
different from one polymer to another [23,37—39].

In HPC solutions,

shearing appears to induce the formation of cholesteric tw ist [23] and this
is confirmed in the present study.
II .8 are very fine.

The cholesteric pitches seen in Figure

For samples at lower concentration (sample shown in

Figure 11.10 has weight fraction 0.4760), only blue color appeared between
the crossed polarizers, and this color did not change when the analyzer
was rotated.
Distinct band textures were seen in HPC-60,000 from concentration of
38 to 58%.

Picture (a) in Figure 11.11 is a micrograph of HPC-60,000;

0.4776 weight fraction solution taken immediately after shearing.

For the

HPC-60,000 series of solutions, there is a gap after the 58% as no higher
concentration solution was prepared.

However, increase in concentration of

the sample by water evaporation (up to a 75%) produced a striking
diam ond-shaped spherulitic structure, photograph (b), Figure 11.11.

The
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texture has been ascribed to a focal conic morphology [40,41].

Studies by

Meeten and Navard [42] on HPC having the structure like th a t shown in
Figure II. 11(b), using polarized microscopy and sm all-angle light scattering,
conclusively determined a polygonal focal conic order.

3rd. Cumu

Ethanol in
Extractant
(w/w) %

Fraction
weight

percent Fraction
recovered
(%)

r
(1/s)

Rh
(nm)

1

43.0

1.4419

35.34

164

892

2

53.0

0.7619

18.67

139

1053

3

67.0

0.8049

19.73

109

1343

4

100.0

0.8701

21.33

84

1744

3.8788

95.07

Fraction
no.

Total

Table II.l.

Fractionation D ata for HPC-1,000,000.
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Figure II. 1 .
Idealized structure of hydroxypropylcellulose with an average degree of
substitution of three propyl groups per anhydroglucose unit.
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Figure II.2.
Zimm plot for HPC-300,000.
Concentration (g/m l): 0.000680, 0.00136, 0.00204, 0.00272, 0.003340
Angle (degree):

15, 45, 60, 90, 115, and 135

^ U v toluene = 32 08 X 1 0 '* Cm‘l a t 5145 ^

dn/dc = 0.131 m l/g
T = 25 °C
Linear correlation coefficient @ c = 0: 0.993768
Linear correlation coefficient @ 0 = 0: 0.979149

Mw - 292,000 g/m ol
Az

Rg = 630 +/- 30 A

= (4.0 +/- 0.79) x I0~4 cm3-.
■

mol/gm£

fc = 7,000m//g
40

4.5

s i" 2 - 4 - + k c
to

Figure II.3.
Zimm plot for HPC—1,000,000.
Concentration (g/m l): 0.00030, 0.00024, and 0 .0 0 0 1 2
Angle (degree):

15, 45, 60, 90, 115, and 135

^ U v toluene = 32 08 * 10*6 Cm‘l a t 5145 ^

dnfdc — 0.131 m l/g
T = 30 °C
Linear correlation coefficient @ c = 0: 0.968773
Linear correlation coefficient @ 0 = 0: 0.995760

Mw = 855,000 g/mol

Rg = 1242 +/- 3 4 0 A

Az = (4.5 +/- 0.80) x 10'2 cm3-mol/qm2
k = 6 0 ,0 0 0 m//g
65

2.5

sin 2

8 + kc
to
00

Figure II.4.
Flory’s tem perature-com position phase diagram for rodlike molecules
solutions.
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Figure II.5a.
Plot of scattered intensity of HPC-60,000 as a function of tem perature.
The cloud point was determined as the intersections of two tangent
lines. Both heating (filled circles) and cooling (open circles) are shown.
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Figure II.5b.
Heating curve for HPC-60,000 of higher weight fraction. The intensity
change took place over a tem perature range broader than in Figure
n.5 a.

The cloud tem perature was determined as the point where the

extrapolations of the baseline and the slope of the first occurrence of
intensity change.

1°C/min

Intensity
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w = 0.5811
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Figure II. 6 .
Cloud point phase diagram for the HPC-60,000 (square points) and
HPC—1,000,000 (circle points) series. The lines drawn through the
points are only to guide the eye. The different phases are indicated by
the filled points for isotropic solutions, half—filled points for biphasic,
and open points for liquic crystalline solutions, determined by
observations using a polarizing optical microscope at room temperature.
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Figure II.7.
Photomicrographs of HPC—1,000,000 of weight fractions:
(a) 0.1860; (b) 0.3053; (c) 0.4005; (d) 0.4768. Crossed polarizers.
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Figure II.8.
Photomicrograph of HPC—1,000,000; weight fraction = 0.7044.
Crossed polarizers.
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F ig u re II.9.

Schematic representation of rodlike polymer molecule orientation for
cholesteric liquid crystal (adapted from Reference 1 2 ).

axis of torsion
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Figure 11.10.
Photomicrograph of HPC—1,000,000; weight fraction = 0.4760.
Crossed polarizers.
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Figure 11.11.
Photomicrographs of HPC-60,000; (a) weight fraction - 0.4776,
(b) weight fraction s 0.75. Crossed polarizers.
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INTRODUCTION

The interaction between stiff polymers and colloidal particles is
interesting from both static and dynamic perspectives. First, there are
questions of colloidal structure and stability.

For example, it has been

suggested th a t stiff polymers could enhance steric stabilization of colloids
more efficiently than their random coil counterparts, since their large
physical extent at low molecular weight prevents the colloidal particles
from reaching interparticle distances short enough for attractive forces to
dominate, even at fairly low coverage [1].

At the same time, many if not

most rodlike polymers are only soluble when highly charged.

Depending on

the ionic strength of the resulting solution, the usual electrostatic
stabilization of the colloidal particles may then be defeated.

In pure steric

stabilization it is assumed th at spheres are coated with polymer but th at
two or more spheres do not "share'' an intervening polymer, leading to a
cluster.

O f course, in general, such cluster formation is possible, with the

polymer by acting as a "bridge" between two or more colloidal particles,
even ones which might otherwise repel one another.

One might conjecture

th a t extended rodlike polymers could also be more effective than typical
random coils in displaying this type of bridging behavior, possessing as
they do a greater "span" for a given molecular weight.

Thus, depending

on the specifics of the particle-polym er interaction, one could find different
phenomena, but the stiff chain nature of the polymer should amplify the
effects, regardless.
Q uite apart from the static (structural) aspects of ternary stiff
polymer/colloidal particle/solvent systems, there are interesting dynamical
and transport phenomena to be studied in such solutions.

It is well
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known [2 ] th a t in a simple binary solution of colloidal particles dissolved
or suspended in pure solvent with shear viscosity

rjo, each particle

experiences a frictional drag given by

/ = 6xr)oAh,

[1]

where Ah is th e hydrodynamic radius, equal to particle radius, A, in the
case of perfect spheres th at are large compared to the solvent molecules.
The self-diffusivity (self-diffusion "coefficient"), i.e., the mobility param eter
associated w ith thermally induce motions of individual molecules, is related
to the therm al energy, JcT, and particle size via the Stokes-Einstein
relation

D = k T / f = kT/6irvoRh.

[2]

For the purpose of characterizing macromolecules and colloids in dilute
binary solution, as in typical particle sizing applications, D is most often
obtained by extrapolating the mutual diffusion coefficient, Dm, which
represents the collective response of a population of diffusers to a
concentration gradient, to zero concentration where the m utual diffusion
coefficient and self—diffusivity are identical, since all interactions vanish.
Then Equation 2 is inverted for Ah.

As measurement for the m utual

diffusion coefficient has been simplified by the dynamic light scattering
method [3], the "kinetic theory" of dilute binary colloidal solutions is today
as much exploited to obtain diffusion coefficients, inferred particle sizes,
and even size distributions, as it is explored for fundamental reasons.
contrast, the microdynamics of colloidal particles (probes) in ternary
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polym er-containing solutions (m atrix solutions) is less well understood.
Qualitatively, one might imagine th at if the macroscopic viscosity, rj, of
such solutions is established by interpolym er forces of range £ exceeding
the size R of th e colloidal particles, then the particles will "slip" through
the polymer m atrix, experiencing a viscosity interm ediate between t) and rp
for small R /£.

If Ah is known (e.g., via measurement in the absence of

polymer m atrix) the Einstein relation may be solved for the microviscosity,
V

= JcT/67rDAh.

[3]

Reflecting the local dynamic environment of small particles, the
microviscosity has implications for a remarkable variety of systems, from
chromatography by size exclusion to the transport of organelles and
biopolymers within living cells.

From the standpoint of analytical

methodology, if the conditions when 77^ —

tj

could be established, then

noninvasive hydrodynamic sizing techniques such as dynamic light scattering
could be extended to particles suspended in various matrices.
An increasing number of studies are directed at such "complex
diffusion" problems ([4-7], and references therein), but only a few have
employed stiff polymer as the m atrix [5,6] or probe [6 ].

The rationale

behind the selection of a stiff polymer for th e m atrix is th at the
macroscopic viscosity of solutions of rodlike polymers is known to be very
strongly concentration dependent [8,9], even for low molecular weights and
low concentrations, because the underlying intermolecular forces are
transm itted over long distances by the stiff backbone (large £).

Thus,

small values of A /£, and interesting associated behavior, might be observed,
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even a t low polymer concentrations. This is especially beneficial for
diffusion measurements based on dynamic light scattering, as scattering
from th e polymeric m atrix is reduced.
In the present study, we explore stiff polym er/particle interactions
from both static and dynamic viewpoints.

The nonionic polymer

hydroxypropylcellulose (HPC) was chosen to focus on the effects of polymer
stiffness in the absence of electrostatic interaction.

The persistence length

of HPC is about

100 A [10,11],

derivatives [12].

HPC is quite stiff enough to form lyotropic liquid

similar to th at of many other cellulose

crystals [13—15], even in the absence of any external alignment.

In this

regard, HPC is stiffer than many polymers designed to be thermotropic
liquid crystals [16], which often only display stir opalescence in solutions.
Thus, there is a clear physical distinction between HPC and typical
random coil polymers.

We may say th at HPC is "semiflexible".

LIGHT SCATTERING BACKGROUND

In the usual quasi-elastic light scattering experiment in dilute binary
solution, the m utual diffusion coefficient may be obtained unambiguously
from the normalized autocorrelation function, g (1)(r), of the scattered
electric field, E [3]:

g (D (r) = (E(O )-E (r)) = exp {-qD m r).

[4]

Here, q = Aim sin(0/2)/Ao is the magnitude of the scattering vector, in
which n is the refractive index, 9 is the scattering angle, and Ao is the in
vacuo wavelength of the incident light.

Usually, g (1) (r) is obtained
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indirectly from th e measured homodyne intensity autocorrelation function,
G(2>(r):

G<*>(r) = <f(0)-J(r)> = B ( l+ f|g < ” ( r ) | 2).

[5]

Here, B is a baseline and / an instrum ental parameter: 0 < / < 1.

It is

assumed th a t the intensity is a Gaussian random variable [3], so th at the
normalized intensity autocorrelation function,
1 +

Ig l ° (T) I •

g < 3 ) (7-),

is given by g ( 2) (r) =

Equation 4 relies on the assumption th at the scattering

from a very large number of particles is simultaneously detected, so that
"number fluctuation" contributions to the correlation function vanish,
leaving only the diffusive motion [3].

At the same time, the concentration

of scatterers m ust not be so large th at multiple scattering occurs.

Number

fluctuation and multiple scattering both result in decay term s th at are not
o
proportional to q . The former can result in errors of up to +20% when
"diffusion coefficients" are obtained at just one angle.

The absence of

these undesirable effects can be ascertained by measuring T at various q,
and checking for a zero intercept in a plot of T versus q2.

We see that

in th e simple lim it of monodisperse particles, the correlation function
g ( (r) is a single-exponential decay, with decay rate T = q2D.

More

commonly, however, a distribution of decay times exists, which can be
characterized by a cum ulant expansion [17]:

I n g l l ) (r) = -TV + / ^ r 2 + higher terms.

The average decay rate is F.

[6]

When terms up to r 2 are included, the
o
analysis is a "second cum ulant" fit; up to r is a "third cum ulant" fit.
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A convenient measure of th e deviation of the decay from single-exponential
character is provided by the unitless ratio fi2/ T , which is zero for a
perfectly single-exponential decay and may approach unity for severely
nonexponential decays.
The advantages of dynamic light scattering for binary solutions are
many.

In addition to being completely nonperturbing, it features

simplicity, broad range of applicability without need to label the diffuser,
wide range (about 10-11 cm2/s < Dm < 1(T* cm2/s for correlation-based
methods), and extremely high data quality.

However, in complex ternary

solutions, light scattering suffers from several problems.
selectivity:

One is poor

m atrix scattering must be resolved from the probe scattering,

or be relatively weak.

Another problem is th a t extrapolation of the

m utual diffusion coefficient to zero probe concentration is much more
tedious in complex ternary solutions than in dilute binary solutions.

Thus,

a quasi—self—diffusivity, measured at as low a probe concentration as
technically feasible, is all th at is usually obtained.

These problems,

together with the difficulty of removing extraneous particulate m atter
("dust") from complex solutions, have led to the popularity of "tracer"
methods which require labeling, in addition to pulsed field gradient NMR
methods which are useful if the diffusion process is relatively fast.
However, in cases where the selectivity problem can be circumvented and
the quasi-self-diffusivity is very close to the true, then dynamic light
scattering does retain its many advantages.

Furtherm ore, the length scale

of the detected diffusion process, q~ l, is usually far shorter in dynamic
light scattering measurements than in most other methods.

Thus, light

scattering provides access to interesting short-range effects which may be
conferred by the m atrix.

As one additional advantage, one can supplement
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dynamic light scattering with measurements of the average scattered
intensity and its angular distributions, which can provide information
regarding the Btate of aggregation of the probe.
The conditions required for light scattering to be useful follow from
the theory of light scattering from ternary (probe/m atrix/solvent) systems
with strong interactions, which has been considered by a num ber of
authors, beginning with Phillies [18 —2 0 ].

The result is th at g ( 11 (r)

generally contains two decay modes, but just one is detectable when the
scattering from the probe strongly outweighs th at from the m atrix.

In

this ideal case, Equation 4 is approximately obeyed, and the m utual
diffusion coefficient is th a t of a collection of probe particles through the
"invisible" polymer m atrix.

If the condition th at the scattering from the

probe greatly exceeds th a t from the m atrix can be achieved at low probe
concentrations, then the measured m utual diffusion coefficient approximates
the self-diffusion coefficient used in the Einstein relation, Equation 2.

In

all the studies reported herein, the m atrix polymer scattering was negligible
compared to scattering from the probe, which was very dilute, nevertheless.

EXPERIM ENTAL METHODS AND MATERIALS

1.

M aterials

Hydroxypropylcellulose of advertised molecular weight 3 0 0 ,0 0 0 was
obtained from Scientific Polymer Products.

Taking 0 .1 3 1 ±

as the differential index of refraction [1 3 ], a value of M w =

0 .0 0 3 cm3/g
2 9 2 ,0 0 0 ±

1 4 ,0 0 0 was measured from a conventional Zimm plot, using toluene for the
Rayleigh factor calibration: 9tUv toJuene = 3 2 .0 8 « 1 0 ” 6 cm-1 at Ao =
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5145

A

[21].

Here, the subscript Uv refers to the unpolarized detection of

light scattered form a vertically polarized incident beam.
gyration, Rg, was 630 ± 30
M 10

M

A,

The radius of

and the virial coefficient was (4.0 ± 0.19)

A

cm —m ol/g .

All measurements were performed on isotropic

solutions, far removed from the isotropic—to-liquid crystalline phase
boundary, which was found to occur at about 30 wt%, as judged by
polarizing optical microscopy.
Dow polystyrene latex spheres having advertised average diameters of
850 and 1760

A

were obtained from Duke Scientific.

mixed sulfate and hydroxyl groups on their surfaces.

These spheres have
Measurements of

these classic latex particles by dynamic light scattering yielded diameters of
794 ± 4 and 1814 + 8 0 /—20

A,

somewhat on the filter used.

respectively.

The size measured depended

The sizes 794 and 1814

A

represent the

filter types and handling protocols used in this study (see below).

Our

agreement with m anufacturer’s specifications is much better, typically within
1%, for the more recently available latex particles, such as those from
Coulter International or Interfacial Dynamics Corp.
The nonionic surfactant Triton X—100 was obtained from Aldrich
Chemical Co.

Its average structure may represented as

CH3
ch

where xaverage

-A

3

10

— c h 2—

ch3

A—

P -C 8H4— ( o c h 2c h 2)x— OH
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2.

Light Scattering

Solutions for light scattering were prepared to m eet two objectives:
first, th at "dust" (all foreign particulate m atter) be minimal, and second,
th a t the latex spheres strongly dominate the scattering from the polymer
m atrix.

These goals were achieved by separately preparing and dedusting

binary latex/w ater and H PC /w ater solutions, followed by subsequent
mixing.
» 10

All water came from a Millipore R /Q purifier (resistivity, > 2.5

ohm -cm ), which eliminates particulate m atter larger than 0.45 /on

from the water.

At critical steps, this water was again filtered using 0.22-

or 0.1—pm filters form Gelman or Nuclepore.

Weight fraction, w or wHPC>

is used to denote HPC concentration.
Binary H PC /w ater solutions were prepared by weight and most were
filtered to remove dust originating from the polymer (filter, 1.2—fan
Millipore Type RA from 0.001 < v) < 0.01;
for w < 0.001).

0.45—/zm Millipore Type HA

The filtrate was collected in glass containers which had

been cleansed on an acetone percolation device or in water—rinsed plastic
containers.

Certain solutions were additionally clarified by centrifugation

(typically 9400 g for 1-3 h).

Above w — 0.01, filtration became difficult,

so centrifugation was used exclusively.

The viscosity of a 1% solution

before and after filtering was affected only slightly (ca. 6%).

Given the

steep ascendence of viscosity in this concentration range (see below), this
implies rather small reductions (ca. 2%) in concentration upon filtering.
Binary latex sphere stock solutions were prepared by diluting very
small aliquots of the as—received latex suspensions with water.
operation was performed in a precleansed container.

This

Each solution was

then refiltered, with some loss of latex spheres due to adsorption, into a
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second cleansed container (filters, 0.45—pm Millipore Type HA for 794 A;
1.2—pm Millipore Type RA for 1814 A).
It should be noted th at use of 1.2—/on filters to clarify samples for
light scattering is not generally a good practice, as this large pore size is
sufficient to remove only th e worst offenders.
(or smaller) pore sizes is desirable.

Generally, use of 0.2—pm

Unfortunately, in the present studies,

adsorption of the polymer to a variety of tested filters restricted our
options.

Each binary solution was tested for clarity by observation of a

focused laser beam passing through the sample against a dark background
at about 100X magnification.

This test revealed some dust in certain of

the binary H P C /w ater solutions, but dust was not visible above the strong
scattering level in th e binary latex/w ater solutions.

Ternary solutions

(latex spheres/H PC /w ater) and "blank" binary solutions (H P C /w ater) were
prepared by pipeting known volumes of filtered latex stock or dedusted
water, respectively, and cleansed HPC solutions into acetone—percolated
Pyrex test tubes (13—mm diameter * 75—mm length) which served as the
light scattering cells.

For a given latex sphere size, the concentration of

latex probe was held the same, regardless of HPC concentration.

The

exact concentration of the probe particles is not known, due to adsorption
to the filter and problems associated with accurately measuring small
concentrations from relatively small volumes.
fraction was estim ated to be about 1 * 10

However, the probe weight
C

by comparing the scattered

intensity of unfiltered preparations to filtered samples.

The diffusion

coefficients do not display significant concentration dependence in binary
solutions in this concentration regime.
The overall effect of particulate m atter in this study was very minor
because (i) the scattering from the probe latex spheres was very strong;
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(ii) since diffusion and convection of dust in these viscous solutions was
very slow, if a dust—free region was once found by using the imaging
system in the detector (see below), it remained so for a long time; and
(iii) the data-gathering algorithm employed (see below) goes to great
lengths to identify and elim inate the effects of dust.
The cells were mounted in a custom -designed goniometer equipped
with an index—m atching bath containing toluene and an internal beam stop
inserted between the cd l and the exit window of the bath to reduce the
amount of flare and back—reflected incident beam.

The beam stop

consisted of a piece of glass neutral density filter of the absorption type.
Since it was nearly index—matched to the bath fluid, direct reflection of
th e incident beam from th e stop was minimal.

The main back—reflected

component consisted of incident light which had been reduced by the ND
filter, reflected by the air-glass interface at the matching bath exit
window, and transm itted back through the neutral density filter again.
Although th e intensity of this back—reflected component was only about
0.05% of th e direct incident beam intensity (i.e., essentially zero) the
forw ard-transm itted direct beam was still visible and could be used to
ensure accurate centering of the cells.

At the low laser power levels used

in the present study, heating due to absorption of the incident beam was
negligible.

Scattered light was detected through a lens—aperture-pinhole

combination described elsewhere [22], and could be imaged either to a
viewing ocular or to the photomultiplier tube.

The arrangement enables

one to view exactly the same region detected by the Hamamatsu R928P or
EM I-9863 photom ultiplier tubes which were used.

The low dark count

(ca. 7 photocount/s at room tem perature) of the latter was essential for
measurements of very slow diffusers, where very low photocount rates (ca.

61
25 photocount/s) were required to prevent shift register overflow of the
272-channel * 4—bit Langley—Ford Model 1096 correlator.

A t each angle

and concentration between 3 and 20 (typically 8) short-duration correlation
E

functions with baselines of 10 —10

A

were measured.

After screening the

runs based on intensity, each surviving short run was subjected to a
second cumulant fit procedure to identify anomalous behavior, as described
previously [23].

The accepted runs were then summed to give a net
A Q
correlation function (typical baseline, 10 —10 ) which was subjected to first

through third cum ulant analysis, plus nonlinear fitting to a single
exponential.

In the cumulant analyses, the baseline was computed from

intensity and correlator run time.

In the nonlinear fit, the baseline was a

fitted param eter, and was typically higher than the computed baseline by
about 5—15 * c B, where oB —

is the uncertainty in the baseline.

This translates to baseline agreement to within about 1% in the w orst-case
measurements of very slow diffusers, and usually much better at low HPC
content where better correlation functions could be collected in a reasonable
time.

The decay rate from third cumulants generally exceeded th at from

the nonlinear fits, and the difference between the two provides a
convenient basis for estim ating the systematic uncertainty in the analysis.
The specifics of this error analysis depend upon the number of scattering
angles used to obtain the diffusion coefficient.

Diffusion coefficients for

approximately one—third of the samples throughout the concentration range
were calculated from six angles where Favg is the average of the decay
rates obtained from the third cumulant and the single-exponential fit.
this case, the reported error traces to the uncertainty in the slope
A
d T a v g /d q from a linear least-squares fit [24].
Given the very slow
acquisition times and lack of any pronounced q dependence in the

In
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accessible range (see below), the remaining samples were measured at just
one angle, often $ = 90°.

In this case,, the reported uncertainty traces to

half the difference between decay rates from third cumulants and
one-exponential fits.

It m ay be mentioned th at including system atic effects

in this way yields realistic errors exceeding the nonsystematic, statistical
errors of fit.

3.

All light scattering measurements were at 30.0 ± 0.05 °G.

Viscosity

Above about w = 0.001, solution shear viscosities were measured on a
Brookfield LVTDCP cone and plate viscometer (range, 0.5—1000 cP).

The

tem perature, measured at the sample cup by a platinum resistance
therm om eter, was held to 30.0 ± 0.1 °C by circulating water from a
constant tem perature bath.

Using water as a standard, the viscometric

accuracy was estim ated a t ± 1%.

Samples were measured at steady shear

rates ranging from 405 to 2.25 Hz and the extrapolation to zero shear was
made graphically.

In relatively dilute solutions, the low -shear readings

were imprecise, since the measured torque was so small; accordingly, torque
readings below 10% of full scale were ignored.

The precision of the

extrapolated zero-shear viscosities was about 5% for most solutions.

At

the very highest concentrations, measurements was only possible at two or
three of the lowest shear rates.

Together with the shear—thinning, this

made extrapolation more difficult.

Triplicate measurements over a period

of 1 m onth showed a reproducibility of about ± 16% for the zero-shear
rate extrapolation above w = 0.01.

At concentrations higher than those

studied here, a sensitive, ultralow shear rate rheometer would be required.
Below w — 0.001, solution viscosities were measured at 30.0 ±
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0.05 °C in a suspended level capillary viscometer having a flow tim e for
water of 229.3 s.
applied.

Neither density nor kinetic energy corrections were

The maximum shear rate in the capillary flow profile-that is, the

shear rate at the w all-is estim ated to have been about 600 Hz [25].

The

viscosity obtained was used directly as a zero-shear value, appropriate in
the absence of significant sh ear-rate dependence at low concentrations.

RESULTS

The viscosity is plotted in Figure III.l, together with microviscosity
data calculated from the sizes of the latex spheres measured in the absence
of HPC (see below).

The viscosity of HPC solutions increased markedly

above about w = 0.01, at which concentration shear—thinning also became
pronounced.
Typical correlation functions are shown in Figure III. 2 for the dilute
and concentrated limits.
evident.

A number of interesting features are directly

First, th at d ata quality in concentrated solutions is poorer than

th at in dilute— even though the data acquisition time is much longer.
Nevertheless, even the slowest decaying correlation function was sufficiently
free of noise to enable determ ination of meaningful average decay rates,
from either cum ulants or nonlinear fits.

Second, as seen from the

smoothly curved semilogarithmic representation, the correlation functions are
unimodal, for any practical purpose, despite the ternary nature of the
solutions.

This demonstrates the "invisibility" of the HPC m atrix

component, relative to the scattering from the latex spheres.

O f course,

the weak scattering from HPC is measurable in the binary "blank"
solutions.

Although a detailed description of the HPC binary solution
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scattering is outside our present purpose, it is interesting to note th at
concentrated HPC binary solutions display very nonexponential (or
m ultiexponential) correlation functions containing a component th at decays
at an exceptionally slow rate.
As HPC is added, th e polydispersity param eter,

m2/ T 2

first increases

and then levels out at about 0.2, except for the very highest
concentrations (Table in .l).

In the absence of HPC, the correlation

functions decayed w ith a rate perfectly proportional to q2, Figure III.3a.
The zero intercept demonstrates the absence of number fluctuations without
m ultiple scattering effects.

In the presence of HPC, the very slight

upward curvature (Figures III.3b and 3c) was only significant relative to
error for the smaller sphere at very high m atrix concentrations (Figure
III.3c).

These experiments, with decay rates as low as 0.2 Hz, were

technically challenging enough th a t we regard the decay rates as essentially
proportional to q

over the range examined, even though a slight curvature

probably does exist.

The degree of curvature and slightly negative

intercept is a typical response of cumulants and single exponential fits to
m oderately poly disperse samples containing particles large enough to scatter
preferentially in the forward direction, thus biasing the average decay rate
toward higher values at high angles.
The dependence of D upon concentration, Figure III.4, was
qualitatively similar for both latex particle sizes.

A semilog plot, Figure

III.5, reveals th at, for both particle sizes, diffusion was initially reduced
about 50% by addition of HPC, followed by much deeper reductions as the
solutions viscosify w ith further HPC addition.
The apparent microviscosity can be obtained from Equation 3.
the radii measured for the latex spheres in the absence of HPC, one

Using
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obtains microviscosities larger than the macroscopic values, extrapolated to
zero shear, Figure 111.1.

Considering, however, th e initial reduction of

about 50% seen in dilute HPC solutions (Figure III.5), th e increase in
/x2/ r 2 (Table H I.l), and th e slightly curved P versus q2 plots (Figures
IH.3b and 3c), it seems likely th a t H PC has adsorbed to the latex spheres
and also induced "bridging" to form clusters.

This will be discussed

further below, but for th e present we take adsorption/cluster formation as
a reality which requires us to use the average cluster size in order to
realize a meaningful microdynamical picture.
One method to estim ate the cluster radii would be via static light
scattering, using well-known relationships between the angular distribution
of scattered light intensity and the radius of gyration, Rg [2].

In fact, at

low concentrations of HPC, we were able to measure enhanced radii of
gyration by this method (see below), confirming the clustering of latex
particles.

However, at high HPC concentrations, attem pts to obtain Rg in

this way were imprecise, a problem which traces to the very slow
fluctuations naturally present in these samples when using a small multiple
of the coherence area [3] for measurement.

The use of coherent optics

suitable for dynamic light scattering to obtain average intensities has been
discussed [26—28] and is now common in several commercially available
instrum ents.

It should be noted th at under these optical conditions, the

intensity is not completely random (else, it would not produce correlation
functions).

The number of "random" events in an intensity measurement

employing coherent optics is not the number of photopulses, but rather
tends toward the acquisition time for the photon—counting measurement ( T)
divided by the decay tim e ( r s

1 /r ) , at least for values of the coherence

param eter, f in Equation 5, tending toward unity [27].

For rapidly
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decaying correlation functions such as those measured in dilute solutions at
relatively low molecular weights, it is usually convenient to arrange T >
105r, and so precise intensities can quickly be obtained.

However, for a

decay tim e of 1 s, typical in these experiments, and a desired uncertainty
of 0.3%, th e measurement tim e would approach 28 h, i.e., prohibitively
long, especially considering th at the intensity m ust be measured at many
angles, and remeasured for the background which, in the present case,
would also display slow fluctuations.

W hile one could attem pt to obtain

these intensities Horn the correlation function [26], this is easiest when the
apertures and pinholes in the detection optics are held fixed for all angles.
This mode of operation was rejected in favor of optimizing the setting at
each angle, taking into consideration num ber fluctuation contributions to
the correlation function, prevention of shift register overflow, and
maintaining about one count per sample time.

We also followed the

advice of the correlator manufacturer and used a minimum of electronic
prescaling.

The option of calibrating light intensities scattered through the

available 36 aperture/pinhole settings was considered but rejected in favor
of a forthcoming modification which will enable the use of an unfocused
incident beam, dram atically reducing the coherence area and fluctuation
amplitude, without addition of stray light.

For concentrated HPC solutions

in the present apparatus, however, it was only possible to detect th at Rg
was larger by approximately a factor of 2, consistent with the approximate
50% decrease in D, and suggesting clustering.

Rescaling the size of the

diffusers using such imprecise data was impossible.
In order to obtain th e average cluster size, it was assumed th at
clustering was completed at w = 0.001, as this is the concentration where
a "break" in the D versus w curve was observed (Figure III.5).

Then
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Stokes’ la v was used to calculate the average hydrodynamic radii of the
clusters from just one solution near w = 0.001, yielding 1835 ± 30 and
892 ± 20 A for th e 1814— and 794—A -diam eter latex particles,
respectively.

The rescaled radii are similar to the original diameters,

indicating about 100% growth.

When these rescaled radii were inserted

into Equation 3 to calculate the microviscosities at other, higher HPC
concentrations, very good agreement with th e macroscopic viscosities was
found, spanning almost three orders of magnitude, Figure III.6.

The

agreement is easily within the precision of the extrapolation of the
macroscopic viscosities to zero shear.
In order to further explore the clustering/adsorption hypothesis,
experiments at low HPC concentrations were performed in the presence of
added T riton X—100.

Shown in Figure III.7 are hydrodynamic radii of the

794—A latex particles in dilute HPC solutions with and w ithout T riton
X—100, calculated assuming Stokes’ law holds.

A few measurements of Rg

also appear, modified by a factor of ( |) ^ , the conversion factor between
Rg and Rh for (assumed) spherical particles.

Clearly, the particle size

changes dram atically in the presence of T riton X—100, indicating th at
bridging/adsorption is dram atically reduce by a small am ount (about 0.06%
by weight) of T riton X—100.
1814—A latex particles.

The same result was also found for the

The polydispersity param eter f i J T 2 of the
A

cumulant fit also shows a significant effect:

n^fT

At

values were reduce

substantially upon addition of the surfactant (Table III. 1), even though
aggregate break-up reduces scattering from the probe, making the
scattering from HPC relatively more im portant.

Non-6ingle-exponential

behavior is responsible for the larger uncertainties reported in Figure III. 7
in the absence of Triton X—100; third cumulant and single—exponential
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values m atch dosely with Triton X—100, but not without.

It is also

rem arkable th a t the order of addition of the Triton X—100 was
unim portant.

For example, the hydrodynamic radii observed when Triton

X—100 was added to the binary stock solution of latex spheres prior to
mixing w ith HPC were virtually identical to those obtained by adding the
surfactant to ternary solutions in which dustering/adsorption had already
occurred.

Finally, it is interesting to note in Figure III. 7 the moderate

(ca. 12%) decrease in ifr calculated from Stokes’ law for the solutions
containing Triton X—100.

No such decrease was found for the 1814—A

spheres.

DISCUSSION

1.

Macroscopic Viscosity

In common with other stiff—chain polymers, the viscosity of HPC
exhibits a dram atic rise with concentration, as already noted for solutions
in acetic acid [9].

The theory of Doi [29] predicts r] k w3, where we have

assumed th a t the weight fraction is given by w = k<j> with <f> the polymer
volume fraction and k a concentration-independent constant.

W ith the

partial spedfic volume of HPC estim ated as 0.7 cm3/g, k varies by only
1% over th e measured concentration range, so the approximation is valid.
The cubic scaling prediction is shown as a straight line in Figure III.l,
and is in agreement with the limited data in the range from 1 to 4%
HPC.
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2.

Static Latex—Polymer Interaction

An interpretation consistent w ith the measurements is th a t some of
the latex particles are bridged by the HPC to form clusters and th a t all
latex particles and clusters are coated with HPC.

For example,

approximately 100% growth in Ah was detected upon addition of very
small am ounts of HPC, where the solution viscosity is hardly affected and
one might expect Stokes' law to provide valid Ah.

The few measurements

of Ag in this dilute HPC regime also reflect the increase in size.

At

large HPC concentrations, clusters of similar size were qualitatively
suggested by the limited measurements of the angular variation of the total
intensity which we could perform.

The clusters are somewhat polydisperse.

However, the decay profiles are still essentially unimodal (Figure II1.2B),
and M2/F

does not continually increase with HPC concentration.

Instead,

the polydispersity param eter levels off at modest values (ca. 0.2)
throughout most of the HPC concentration range.
m atrix scattering is not im portant.

This confirms th at

The presence of a "family" of latex

clusters is suggested, including monomers with an adsorbed polymer layer,
plus similarly coated dimers and trimers, etc., as diagramed in Figure III.8.
There is no evidence for very large clusters.
One might be tem pted to adm it the possibility th at monomers alone
existed with adsorbed HPC layers of varying thickness [32].

If the layers

were deposited onto each sphere with the same average thickness, then one
would not observe approximately 100% growth in hydrodynamic radius for
both sizes.

However, there is some evidence to suggest th at the thickness

of the adsorbed layer varies with sphere size [31].

The best way to rule

out adsorption as the sole mechanism for enhancing the hydrodynamic
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radius is by appeal to the static light scattering measurements.

To first

approximation, HPC adsorbed to the spheres would not increase the
measured radius of gyration since such HPC would be almost invisible
relative to th e sphere scattering, especially after subtraction of the intensity
of the binary H P C /w ater "blanks".

Thus, the increase is Ag as measured

by static light scattering, accurately at low HPC concentration but less so
at high H PC, supports cluster formation but not HPC adsorption alone.
Finally, we may add th at lim ited clustering has been found in preliminary
studies of the interaction between latex spheres and an HPC sample with
a molecular weight of about 1 million Da.
An interesting feature of the clusters is their reversibility.

The fact

th a t Triton X—100 could be added in any order with the same result
suggests th a t the latex spheres within a cluster may be bound by
relatively weak m utual adsorption of interstitial HPC polymer chains:
"bridging".

Unfortunately, it is not possible to distinguish absolutely

between bridging and the other possibility, which is the single
polym er-coated latex spheres openly aggregate to yield some dimers, fewer
trim ers, etc.

However, dynamic aggregates of this type should result in an

extra g-independent decay term in the correlation function, as the
scattering intensity would fluctuate not only due to motion of the clusters
but also due to their assembly and disassembly.
term , we favor the bridging hypothesis.

Having seen no such

We postulate th at continued

growth of the clusters is hampered by the charge—charge repulsive
interaction which ordinarily stabilize the suspensions in the absence of
HPC, perhaps augmented by the steric stabilization afforded by the
outermost HPC layers of two clusters which might otherwise coalesce.
other words, latex spheres may form clusters by the sharing of one or

In
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more H PC chains during the initial adsorption process.

Once formed, a

cluster may be blanketed by further HPC, which m ay provide a steric
hindrance to further sharing of HPC chains, thus limiting growth to small
cluster.

For the two sphere sizes reported here, solutions were visually

stable for over 1 year.

This contrasts with th e rapid coagulation and

precipitation of small spheres from Interfacial Dynamics Corp., with a
radius of 150 A, considerably less than the Hg of the HPC.

This suggests

th a t th e size of th e polymer relative to the sphere might determ ine the
cluster growth and stability.

It would be prem ature to accept this

suggestion absolutely, however, since these very small latex spheres appear
to have lim ited stability even in the absence of HPC.

3.

Dynamic Phenomena

The clusters can be regarded as particles, albeit somewhat polydisperse
ones w ith a "fuzzy" shell of adsorbed HPC.

In a hydrodynamic sense, the

coated clusters may more closely resemble large polymer coils than hard
spheres.

Their average sizes lie in the interesting range where truly

astounding differences between ij

and rj have been reported for hard

spheres [30], yet it appears that the coated clusters essentially experience
macroscopic viscosity.
The dependence of the probe diffusivity upon m atrix concentration, c,
can be described by a "stretched exponential" form for a wide variety of
probes and matrices [7]:

D /D o

= exp (—ac').

[7]
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The units of c vary among the workers in this field, but this need not
obscure our discussion.
of m atrix polymer.

Do is the probe diffusion coefficient in the absence

The terms a and v vary from system to system.

This analytical expression has been derived in a t least three ways.

Ogston

et al. [33] obtained v — 0.5 and a proportional to Rh by considering
diffusion as a stochastic process in which the effect of the m atrix, assumed
immobile, was accounted for by assuming th at any random jum p (of a
plausible length) which would result in a collision with the m atrix simply
does not occur.

The Ogston model is thus completely physical.

However,

as pointed out by Cukier, the hindrance to diffusion is more properly
considered as the result of the interaction of a sphere’s hydrodynamic wake
with the m atrix [34].

For a dilute m atrix solution comprised of immobile

rodlike polymers, he found D = D o /( 1 + a'jR c0,5).

In other words, the

friction coefficient is given by / = fo (1 + a 'R c 0'5), where a ' is the
square root of the friction coefficient of the rods making up the m atrix,
divided by solvent viscosity.
hydrodynamic screening,

k.

The quantity a 'c 0-5 represents the
These results may be obtained by considering

the scattering of hydrodynamic waves followed by orientational averaging of
the rodlike m atrix or by asserting a screened Navier-Stokes relationship, a
more macroscopic approach in which rod orientations are preaveraged.
Unfortunately, the extension to concentrated solutions is phenomenological:
it is assumed th at d f — f'd ^n R ), or f = fo exp(ftft), which has the
appropriate form in the dilute limit.
Phillies has recently put forth a heuristic derivation of Equation 7
which also identifies hydrodynamic interaction as the source of the
enhanced friction [35].

This treatm ent allows the m atrix polymer chains to

move, b u t like the fixed-obstade calculations, assumes th at their ability to
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perturb the hydrodynamic wake of a probe particle is governed by the
drag coefficient of th e m atrix particles.

Specifically, the enhancement of

friction upon increasing concentration is assumed to follow dffdc = /• a(c).

c
Then f = fo exp f Qa(c)dc.

The function o(c) for the enhancement of

friction due to the polymer m atrix is given an approximate form suggested
by M azur and van Saarlos’ calculation [36] for the retardation of one
sphere by a collection of other hard spheres.

Even though polymer chains

can interpenetrate, while spheres cannot, Phillies argues th at at least the
functional form of the hydrodynamic interaction should be similar, which
seems reasonable for relatively dilute polymer matrices.

This approximation

introduces the radius of gyration of the polymer m atrix into the
calculation, and it is next assumed that the polymer m atrix can do
something th at hard spheres cannot— change their size with concentration,
according to Daoud’s model [37],

Rg = Me"*,

with x an M -dependent exponent ranging from 0 at low M to 1/4 at large
M.

M is the m atrix polymer molecular weight.

D =

The result is

Do ex p (-a c l~2x).

Identifying v with 1 - 2x suggests th at 0.5 < v < 1, depending on
m atrix molecular weight.
M.

Phillies additionally finds th a t a is dependent on

Clearly, several fundamentally different approaches lead to a stretched

exponential form.

For the sake of brevity, we have not reviewed certain
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powerful and general approaches [38,39] which do not explicitly attem pt to
derive th e stretched exponential as an analytical form, but which yield
similar results in appropriate lim its and which also agree with the available
data.
W hatever the origin of the stretched exponential form, it is d ear th at
a great many experiments fit [7].

However, the present data can be used

to show th at this is not surprising.

For example, the evidence favoring

H PC -induced dustering/adsorption of the latex spheres is very sound.

It

derives form static light scattering measurements plus Triton X—100
reversible displacement experiments and the small but significant change in
,i2/ F 2, together with the hint of curvature in the T versus q2 plots.
Plotting the d ata as in Figure III.5 (to g D versus w), which form should
be linear if v = 1, is deddedly nonlinear.

There appears to be a change

of slope as w increases, which is more dearly visible from the expanded
plot for w < 0.01.

From this, and the knowledge th a t the spheres do

duster, one might conclude v = 1 independent of the size of the "fuzzy"
dusters.
410

A

This result also holds over length scales ranging from q '1 =
to q '1 = 1460

A,

since diffusion coefficient is approximately

independent of q in this range, Figure III.3.

On the other hand, if the

d ata are plotted according to v = 1/2, as in Figure III.9, then the break
near w = 0.001 completely disappears!

This emphasizes the power of the

stretched exponential form to fit almost any monotonically decreasing
function, and th e difficulty in obtaining proper values of v.
Two points may be drawn from these considerations.

First, in full

view of th e static and dynamic aspects of the sphere-polym er interaction,
the d ata in this paper support v = 1 for the diffusion of polym er-coated
dusters, except at the highest concentrations, where, in fact, the correlation
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functions

may be

too nonexponential for the simple analyses used here.

This is a statem ent we make without great fanfare, because it may be
unwise to compare the diffusivity of the clusters w ith hard sphere theories.
Indeed, it is probably more appropriate to simply state th a t the
microviscosity determined from cluster diffusion essentially m atched the
macroscopic viscosity within error over a remarkable range, this, despite
the fact th a t th e HPC polymer in this study is fairly large (Jig = 630

A),

even when compared to the cluster (Jlh ~ 900 or 1800

A).

The

validity of a macroscopic view is also reflected in the lack of any
appreciable q dependence for the diffusion coefficients.

Perhaps the

agreement between microscopic viscosities traces to the diffuse nature of the
cluster surface.

The decrease in Jlh of about 12% for 794—A spheres in

Triton X—100 reinforces this impression, since it implies a moderate failure
of the Stokes’ equation, which may become more severe as HPC
concentration an d /o r molecular weight is raised.

Nevertheless, others

[30,31,40] have reported dram atic failures of Stokes’ law— manifested as
apparent hydrodynamic radii smaller than the bare sphere radius— even in
the presence o f substantial polymer adsorption and/or clustering, and at
relatively low polymer concentrations.

In some cases [31], the failure is

actually worse for larger probe particles than for small ones, a result th at
clearly cannot be extrapolated to still larger sizes without becoming
unphysical.

The difference between the present study and those just cited

is puzzling, to say the least, even though the exact same systems have not
been duplicated.

The very recent study of Rymden and Brown [40] found

a significant failure of Stokes’ law for a latex probe with radius 720

A,

relatively dilute (w < 2 < 10- 3 ) solutions of HPC (M = 8 * 105 Da.).
Since we employed a smaller latex sphere as well as a smaller HPC

in
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sample, it seems unlikely th at their result can be reconciled with ours,
even though th e systems are not exactly identical.

Prelim inary studies

designed to closely mimic the conditions of Rymden and Brown suggest
th a t th e disagreement persists [41].

Unfortunately, we are unable at this

tim e to offer any hypothesis whatever concerning its source.
As a second conclusion regarding dynamic aspects, it appears th at
stretched exponential treatm ent of diffusion data in the absence of other
evidence is potentially very misleading.

For example, in the absence of at

least some combination of viscometric measurement, static light scattering
and surfactant displacement experiments, one could have easily concluded
from Figure III.9 th a t v — 0.5 for bare hard spheres, independent of
sphere size, which may or may not be the actual case.
easily be abused.

The d ata could

Viewed in one sense, the stretched exponential can mask

experimental details not related to diffusion, such as clustering in this
work.

From another standpoint, there are a large number of theoretical

approaches consistent with the data, and this set is not restricted to those
theories which arrive at the stretched exponential explicitly.

Therefore,

new features on the relatively flat terrain of the probe diffusion problem
are strongly desirable.

As an example, Phillies * observation of an M

dependence to a could be cited as a toehold in theoretical development
and a challenge to the experimentalist.

SUMMARY

The interaction between HPC and polystyrene latex spheres has been
investigated.

HPC induces the formation of clusters of latex spheres

through weak "bridging" interactions which are defeatable by addition of
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surfactant.

If the microviscosity is obtained from the sizes of the dusters,

it matches the solution viscosity, well within error, over almost three
The diffusivities are essentially independent of q in

orders of magnitude.
the vrange 410

A

< q~l < 1460

polymer, fig = 630
and 1800

A,

A,

despite the large size of the m atrix

and relatively small sizes of the d u ster, ca. 900

A.

Regarding fundam ental behavior such as the proposed Btretched
exponential form describing diffusion of probes in complex solutions, these
d a ta are of lim ited use, owing to the dustering effect.

However, the

ability of a stretched exponential form to hide experimental details not
directly assodated w ith th e complex diffusion problem has been cited, along
w ith the number of different physical approaches which m atch the data,
some of which do not explicitly arrive at the Btretched exponential form.
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^ 2/ r 2
(no Triton X—100)

WHPC

02 /

r 2
(with Triton X-100 ca. 0.06%)

794—A spheres
0

» 0.02

0.09 ± 0.008

0.000090 to 0.000900

0.16 ± 0.07 (average of 10 solutions)

0.08?± 0.05

0.000954 to 0.009000

0.22 ± 0.05 (average of 8 solutions)

Not measured

0.017640 to 0.034700

0.37 ± 0.11 (average of 2 solutions)

Not measured

1814—A spheres
0

3

0

0.105 ± 0.03

0.000090 to 0.000900

0.124± 0.05 (average of 7 solutions)

0.032 ± 0.06

0.000954 to 0.009000

0.20 ± 0.075(average of 7 solutions)

Not measured

0.017640 to 0.034700

0.37 ± 0.11 (average of 2 solutions)

Not measured

Table III.l.

Polydispersity Parameter /X2/ T 2 for Latex Spheres in a Variety of Solutions,
from Third Cumulant Fits with Baseline Determined from Run Duration and
*
Total Number of Photocounts .

* All Q = 90°
oo
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Figure III.l.
r e x c e e d s T) when 77 is calculated without taking adsorption/clustering
into account.

Duplicate points represent uncertainties determined as

described in the text.

(□) 1814—A spheres;

(a)

794—A spheres; (o)

macroscopic zero—shear viscosity, solid curve, cubic polynomial fit to
macroscopic viscosity. Straight line shows slope of 3, consistent with
Doi prediction [29].
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Figure III.2.
Correlation functions for 794—A spheres for wMpc = 0.000954 (a) and
whpc = 0 ^347 (b), shown in the several representations required to
rule out artifact. Both measurements at 0 = 45°. In (a) the
acquisition tim e was 10 min; in (b) the acquisition tim e was 90 min.
(I) Raw correlation function G( 2 )(r);

(II) normalized first— and

second-order representations; (III) semilogarithmic representations,
showing lack of pronounced curvature;

(IV) error analyses, for several

types of fits. The height of the error bars represents the uncertainty of
measurement for the normalized second-order correlation function.

The

distance from the center of bar to line of zero error represents the error
of fit. The abscissa for (IV)

iB

the same as th a t for (II); tim e axis.
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Figure III.3.
Dependence of decay rates on scattering vector,

(a) 814—A spheres in

the absence of HPC; (b) 1814—A spheres, wHpc = 0.009; (c) 794-A
spheres, wHPC = 0.0347.
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Figure III.4.
Diffusion coefficients versus HPC concentrations, (□) 1814—A spheres;
(a )

794—A spheres.

Pairs of points represent uncertainties based on

third cumulant and one-exponential analysis.

See text.
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Figure III.5.
Semilog representation: same data as those in Figure III.4.

The upper

left portion of the plot is shown expanded to dem onstrate the
nonlinearity at low HPC, and the curve is only to guide the eye.
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Figure III.6.
The microviscosities calculated from the rescaled cluster radii (see text)
agree with the macroscopic viscosity. (□) 1814—A clusters;
clusters.

(a)

794—A

Solid line, same line through macroscopic viscosity as th at in

Figure III.l.
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Figure III.7.
Hh and <JS/ZR% for solutions relatively dilute in HPC, with (lower data
set) and without (upper data set) Triton X—100. (□) Hh, no Triton
X—100.

(a)

fih, Triton X—100 ca. 0.06%, solution made in the order

(HPC + Triton X-100) + spheres, (o) Hh, Triton X—100 ca. 3 ppm,
solution made in the order (HPC + spheres) + Triton X—100. For any
pair of points, the lower point represents a determination via a
one-exponential fit, while the upper point traces to the third cum ulant ,
fit.

About one—third of the solutions at evenly spaced intervals of

concentration were measured at six or more angles, the remainder at
90°. (+ )

JbflRg, Triton X—100 ca. 0.06%, solution made in the order

(HPC + spheres) + Triton X—100. The factor <Js/3 is appropriate for
conversion of Hg of a spherical object to Hh [2]. No claim is made
regarding th e actual shape of the clusters.
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Figure III.8.
Proposed scheme of adsorption/cluster formation for latex spheres in
HPC. The actual conformation of interstitial HPC is not known.
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Figure III.9.
Same d ata as shown in Figures III.4 and 5, plotted as suggested by the
stretched exponential, with v = 0.5.
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Nature and Effects of Nonexponential Correlation Functions in Probe
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The ihape of intensity autocorrelation functions measured by dynamic light scattering in a ternary
probe/matrix /solvent system is considered in detail. The probe is 907 A polystyrene latex, and the
matrix is a high molecular weight hydroxypropylcell uloee. Experiments were performed with and without
adding surfactant to prevent surface interactions between the probe and matrix which lead to probe
clustering. In either case, the correlation functions were dramatically more nonexponential than those
we reported earlier for lower molecular weight hydroxypropylcellulose ( / ColloidInterfaceSci. 122,120
(1988)). Two independent Laplace inversion algorithms and a discrete multiple exponential analysis
find the correlation functions to be bimodal. The slower mode is definitely diffusive, and is closely
associated with the self-diffusiviiy of the latex probe. It is not easy to identify the physical significance
of the weaker, faster mode. The nonexponentiality is sufficient that, if it were not accounted for properly,
serious misinterpretations of the data could result. For example, in the absence of surfactant, analysis
by simple cumulants methods leads one to the conclusion that the Stokes-Einstein law fails dramatically.
After derailed consideration of the nonexponentiality, the failure is much less, though still significant
relative to experimental uncertainty, c io b o A c a d e m ic P r o . in c.
INTRODUCTION

The motion of colloidal particles through
constraining matrices, such as those provided
by a gel or entangled polymer solution, is a
key element in the emerging “ kinetic theory'*
of macromolecules. This dynamical problem
is related to many practical issues; various cell
functions requiring the mobility o f organelles
and bioassemblies through the cytoplasmic
network; in vivo transport of drug-bearing
vesicles; various analytical methods, especially
size exclusion chromatography and gel electrophoresis. Additionally, there is interest in
characterizing matrices by monitoring the
motion of “probe" particles.
Sometimes, the probe and the matrix are
random coil polymers (1-6). More frequently,
the probe has been a spherical solid (7-17).
1To whom correspondence thould be addressed.

Relatively little is known about geometrically
anisotropic probes (18-20) and matrices (8,
16, 17, 19). A recent paper by us (17) con
cerned the diffusion, as determined by dy
namic light scattering (DLS), o f latex spheres
through solutions of a nonionic semi-rodlike
polymer, hydroxypropylcellulose (H PC ). In
principle, this study combines the simplicity
of a rigid, spherical probe with the ability o f
highly extended polymers to span large regions
o f space within the solution, thus generating
high viscosities, even at low concentrations
where matrix scattering is minimal, and all
without serious polyelectrolyte effects. Previ
ously, a serious deviation from this ideal sce
nario was found; the latex spheres can expe
rience a surface interaction with the polymer
matrix, leading to adsorption of polymers on
the surface and “bridging" of the latex spheres
into “clusters" (17). Fortunately, the matrix
polymer can be displaced from the latex
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spheres by addition o f a small-molecule sur
factant, such as Triton X-100, an observation
since confirmed elsewhere (21). Thus, added
surfactant returns one to the ( essentially) bare
sphere/matrix probe diffusion problem.
Even for the bare spheres, there can be ex
perimental difficulties and interesting unex
pected observations associated with probe
diffusion measurements. The present paper
concerns the nature and effects of nonex
ponentiality in the correlation functions ob
tained by quasielastic light scattering in probe
diffusion studies. These effects m ust be better
understood, or at least accounted for, before
tackling such interesting subjects as the validity
of the Stokes-Einstein relationship in complex
solution or the universal scaling relation
ship, proposed to describe the great bulk of
experimental evidence concerning complex
diffusion.
BACKGROUND

In a simple binary colloidal solution, such
as latex spheres of radius A0 in water, the self
diffusion coefficient, A> is given by the wellknown Stokes-Einstein relation,
kT
‘ “

6mtRo'

where i? is the solvent viscosity and kT the
thermal energy. Although DLS measures the
mutual diffusion coefficient, A n. it is usually
a simple matter to prepare strongly scattering
latex spheres at such a low concentration that
A „ *= A . within experimental error.
The ternary solutions of the present study
are more complex. The ability of DLS to ap
proximate A even in such solutions has been
considered elsewhere (2,2 2 -2 4 ). As a first ap
proximation, when the probe is dilute and the
matrix scatters only weakly compared to the
probe, the correlation function is predicted to
exhibit a nearly single exponential form, with
the decay rate proportional to the approximate
A of the probe. H ie actual shape of measured
correlation functions in complex ternary so

241

lutions will be considered at length below, but
it is convenient to begin with the approxi
mation that DLS returns a diffusivity very
similar to A via single exponential :rrelation
functions with average decay rate, f
q lDi
(q is the scattering vector, 4 t* « -s in (0 /2 )/
Ao, where n is the refractive index, 6 is the
scattering angle, and Ao is the wavelength in
vacuo). Henceforth, we drop the subscript s,
and it will be understood that D means the
DLS approximant to AThe mobility of a probe in ternary solution
is conveniently discussed in terms of a “ mi
croviscosity,”
■= k T /(6*D R ), obtained
from the motions of the probe, and it is in
teresting to compare it„ to the macroscopic
viscosity, it, obtained from, say, a cone-andplate torsion viscometer. The Stokes-Einstein
relation is a continuum result, equivalent to
the assumption that the solvent molecules are
very small relative to the probe. In a ternary
solution, the macroscopic shear viscosity is es
tablished not merely by the solvent, but also
by the matrix polymer, which can be even
larger than the probe itself, although it scatters
less. One can imagine a transient polymer
"network" through which the probe molecule
must diffuse. If the characteristic dimensions
of the network are very large compared to the
probe, the latter may experience not the mac
roscopic viscosity of the solution, but rather
an intermediate viscosity lying between that
of pure solvent and the solution. Thus, the
microviscosity obtained by measuring D and
knowing Ao independently might differ from
i}. Often these considerations are recast in
terms of an apparent radius, A1PP = k T /
where n is the macroscopic viscosity.
Deviations of A(PP from Ao provide informa
tion on the probe microenvironment equiv
alent to the difference between % and tj. An
interesting possibility in such solutions is nonFickian diffusion—i.e., diffusion rates which
depend on the time or distance scale. For con
venience, we may identify three regimes of be
havior, as shown below in various represen
tations:
Journal o f Colloid and liupface Seinue. Vol. I » . No. I. Apnl I W
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Ovcrconstniiwd

presence of clusters or aggregates. This infor
mation is vital to any probe diffusion study,
*r,<n
n. •" n
n, > v
regardless
of the diffusion method. The second
dRm/dc < 0
dR^ldc-vO . dR ^/do 0
is
the
very
short characteristic distance of the
or Rap, < Ro
orRapp mmRo
orRm, > Ro
D> kT/6rtiRo
D mt kT/6witRc D< kT)b-wi)Ro DLS measurement, typically from 0.03 to 0.3
Non-Ficklan
Fickian
Ftckian
fim— i.e., comparable to the probe size itself.
diffusion (??)
diffusion
diffusion
This feature is extremely important, especially
Key. Ro " hydrodynamic radius o f uncoated if non-Fickian behavior is to be explored.
In our earlier study o f probe diffusion in
sphere; R ,„ « kT/(6rriD) «= /Jh; ij - macro
solutions
of HPC with a molecular weight of
scopic, zero-shear viscosity; ij„ ” microscopic
292,000 daltons (17), the latex clusters ap
viscosity.
peared to obey the Stokes-Einstein relation
ship over almost three logarithmic decades,
“Underconstrained'* means that the probe independently o f scattering vector, within er
moves through the solution without fully ror. However, at the highest HPC concentra
sensing the matrix, presumably because the tions, the character o f the correlation functions
matrix has a characteristic "network’’ dimen became nonexponential and latex diffusivities
sion much larger than the probe, and so the calculated from the average decay rates began
probe is infrequently constrained by the m a to exceed the trend extrapolated from mea
trix. This is the most interesting regime. In it, surements at lower concentrations. With the
one may explore the limitations of continuum HPC displaced by Triton X -100, a 12% failure
theory in the context of polymer solutions. In o f the Stokes-Einstein relationship was noted
the macroscopic regime, the diffusion exper in the case of the smaller spheres (397 A ra
iment yields a microviscosity numerically dius), but again the correlation functions were
similar to the macroscopic viscosity, presum not as mono-exponential as one might expect.
ably because the polymer solution appears es In other probe diffusion studies in HPC (16,
sentially as a continuum to the probe. The 21), the nonexponential nature of the corre
most probable explanation for behavior in the lation functions has been mentioned and, in
overconstrained regime is adsorption of matrix one case (21), taken into consideration at one
to probe a n d /o r clustering of the probes, since scattering vector. However, a detailed account
the assumed bare sphere radius is too small in of the nonexponentiality is still lacking.
The macroscopic result of our previous
either of these cases.
Other diffusivity techniques (5, 25-31)— study, ij <*» «?„, disagrees with several studies
particularly optical ones such as forced Ray of probe diffusion through random coils (10leigh scattering (FRS) (see, for example, (5, 12,15). This is of no particular concern, since
25)) and fluorescence photobleaching recov the systems are not the same, but it is a little
ery (FPR ) (27-31)—have much greater se surprising, since the rationale for selecting the
lectivity than DLS ( meaning that matrix scat highly extended HPC was to exacerbate fail
tering doesn't interfere). These optical meth ures o f the Stokes-Einstein equation. Brown
ods feature an even wider range of diffusivities and Rymden (16), who studied 720-A-radius
than DLS, and sometimes simpler sample latexes diffusing through 800,000-dalton HPC
preparation. Thus, if not for two important solutions at low concentrations, found an in
and exclusive features of DLS, there would be crease in R»Pp, followed by a rapid and sub
little sense in its continued application to stantial decrease as the concentration of HPC
complex solutions. The first is that DLS can was raised. This suggests adsorption/clustering
be combined with total intensity measure followed by underconstrained behavior. This
ments, which can independently reveal the result prompted a reexamination of our mac
Jo u n u l o f C olloid o u t Interface Science. Vol. 124. No. I, April 1919
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roscopic interpretation. After all, there is lim
ited evidence for underconstrained behavior
(the aforementioned 12% failure). It was felt
that the deviation from Stokes-Einstein be
havior might become more pronounced as
concentration was raised. Several experiments
were conducted at higher HPC-292,000 con
centrations in the presence o f Triton X-100.
As HPC was added, the correlation functions,
which decayed substantially faster than in the
absence of Triton X-100, nevertheless began
to exhibit pronounced nonexponentiality.
Thus, even in the presence o f surfactant to
defeat clustering/adsorption, the correlation
functions were sometimes quite nonexponen
tial. We also found that nonexponentiality was
more severe at higher HPC molecular weight,
an observation that forms the basis for the
present paper.
EXPERIMENTAL METHODS
AND DATA ANALYSIS

Materials. In this study, the latex spheres

are the same 907 A (radius) ones used pre
viously (17). The HPC (Scientific Polymer
Products Ontario, New York, Cat. #404, Lot
# 1) had a vendor-supplied nominal molecular
weight of 1,000,000 daltons. By Zimm plot
analysis, we obtained 855,000 daltons, with a
higher-than-usua) uncertainty of about 20%.
For convenience, we shall refer to this sample
as H PC-1,000,000.
Methods. We largely followed the experi
mental protocol described earlier (17), so a
brief description will suffice here. Solutions
were prepared and measured in such a way as
to avoid artifact from dust, avoid number
fluctuations (32, 33), maintain matrix scat
tering at about 1% or less of the total, and
avoid multiple scattering while still remaining
sufficiently dilute that Dm *= £>,. Most DLS
measurements were made in the regime 410
A < g~' < 1460 A, with a few being made at
higher q. The DLS data gathering and analysis
package includes various dust-discriminating
tools (17); it is unlikely that dust is a factor
in the present experiments. Another concern
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in DLS, of special interest when nonexponen
tiality is a problem, is the establishment of the
baseline. First- through third-order cumulants
(34) fits always made use of the theoretical
baseline, Bu from run duration and total pho
tocounts. This is routinely tested for consis
tency against the average of the delay channels
provided by the correlator, Bd. The nonlinear
single- or multi-exponential fits can be per
formed with or without floating baseline. The
nonexponential character of the correlation
function may be simply assessed from the
normalized variance, m / T 2, from the third
cumulants ( 3CUM U) fit, or the difference be
tween decay rates obtained from 3CUMU and
a single exponential (1EXP) fit. The 1EXP fits
herein used a floating baseline, B(A, and for
nonexponential correlation functions B(A al
most always exceeded Bt. The difference be
tween B, and Bs.x, divided by the baseline un
certainty, aB *= B} /2, where subscript x refers
to the number of exponentials in the fit, is
another measure o f the nonexponentiality.
This quantity, called “liftoff,” approaches zero
for truly single-exponential decays, such as
simple solutions of latex spheres. If a Utreeexponential fit with floating baseline shows
substantial liftoff (i.e., if B o ~ Bt) / aB 2> 5),
the run is usually discarded. Laplace inversion
of the correlation function, with or without
adjustable baseline, can be performed by a
smoothed version (35) of exponential sam
pling (EXSAMP) (36) or by Provencher’s
CONTIN (37), which has now been ported
in its full form to our IBM PC /A T and fully
integrated with all other DLS software in our
lab. The complete, visually intensive, micro
computer-based system for surprisingly rapid
Laplace inversion has been described else
where (38). Most viscosities were measured
as a function of shear rate with a Brookfield
LVT-DCP cone and plate viscometer, which
can measure from about 0.5 centipoise (cP)
to 1000 cP. Shear rates ranged from 2.25 to
405 Hz. For most samples, extrapolation to
zero shear was precise to ±5%. All measure
ments were at 30 ± 0.05°C.
J o u n o l o f Colloid and liurrfact S c ifK t Vol. 129, No 1, April 1919
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EXPERIMENTS WITHOUT TRITON X-100

In the absence o f Triton X-100, all condi
tions closely simulate those o f Rymden and
Brown (16). Both latex and H P C are just very
slightly larger. The most significant difference
may be in the polydispersity o f the HPC.
Shown in Fig. 1 are macroscopic viscosity and
R ,„ . The concentration range studied and
viscosity behavior are very similar to Ref. (16).
The apparent hydrodynamic radius does in
crease dramatically with polymer concentra
tion, but then levels out, in marked contrast
to Ref. (16). The increase and leveling out
that we observe is independent of whether
is calculated from 3CUMU or 1EXP fits.
However, the difference between these two es
timates of the decay rate is large, reflecting the
substantial nonexponentiality of the correla
tion functions, a typical example of which ap
pears in Fig. 2.
The semilogarithmic representation in Fig.
2 suggests that this correlation function is bimodal, which is borne out by the reasonably
good (39) fit o f two exponentials to the data
(see residuals plot marked 2EXP). The pos2 5 00

HPC-1,000,000

RlATEX'907*
2000

1500
Cl
CL

o
1000

500

>.10

TO

05

20
w x 103

Flo. 1. Apparent hydrodynamic radius increases iharply
with weight Traction, w, of HPC, then levels out. (Inset)
Zero-shear rate viscosity over the same concentration
range. (□ ) 1EXP, floating baseline; (A) 3CUMU, baseline
from run duration and intensity.
- 907 A. no Triton.
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sibility that a quasicontinuous bimodal distri
bution would better represent the data was ex
plored by Laplace inversion. The program
EXSAMP returned a bimodal distribution, but
there was no measurable improvement in the
fit (compare residuals in Fig. 2). Likewise,
CONTIN found a bimodal distribution as its
“chosen solution”; the residuals plot is virtu
ally identical to those of the other fits. As
shown in Fig. 3, the peak widths from CON
TIN are appreciably narrower than those from
EXSAMP. Moreover, the “alternate” distri
butions from CONTIN frequently consisted
o f even sharper peaks, and the residuals plots
for these fits were once again identical to those
from discrete exponential fits. Therefore, one
has good reason to be confident in the validity,
within experimental uncertainty, of the dis
crete exponential fit for this quite typical cor
relation function.
In an attempt to clarify the nature of the
decay modes, an analysis similar to that just
presented in Figs. 2 and 3 was conducted for
all correlation functions. Significant nonex
ponentiality was the rule rather than the ex
ception, increasing with HPC concentration
and scattering angle. In every instance, the fit
to data was significantly improved by includ
ing two decay modes. Except at the lowest
concentrations and scattering angles, two
peaks were generally evident in distributions
from EXSAMP and CONTIN, but occasion
ally they were not as cleanly resolved as shown
in Fig. 3. The major decay component was
always the slow mode, which by comparison
to binary latex/water solutions may be iden
tified as diffusion of the latex probe. Figure 4b
shows that the slow mode is diffusive in nature,
as r„ow scales linearly with q 2. Agreement
among the 2EXP, EXSAMP, and CONTIN
distributions for the decay rate of the slow
mode is very good. The amplitudes estimated
by the various fits were less consistent, though
still quite good, agreeing typically within 115% (w orn case, 30%). For the fast mode, Fig.
4 shows only the results from 2EXP analysis;
agreement among the other methods was not
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Fig. 2. Typical correlation function. Conditions: 8= 90°, At = 1.8 X 10'° s/channel, X« “ 6328 A, total
acquisition time ■ 7500 s, XH , _ 907 A, HPC-1,000,000,
- 0.0013, k w , ®s 10"}, no Triton, (a)
Raw correlation function. f{A) - optical'coherence parameter; (b) normalized first- and second-order
correlation functions; (c) semilogarithmic representation, showing bimodal character; (d) residuals (note
that vertical scale factor changes according to goodness of fit; horizontal scale, same as (c)>. Also indicated
are the type of fit, X2, and the type of baseline used (see text). Both of the CONTIN fits and the EXSAMP
fit are virtually identical to the 2EXP fit. See also Ref. 39.

as good for the weaker fast mode as for the
stronger slow one. Although not entirely un
expected (2, 22-24), the faster and weaker
mode is not presently well understood. In
some cases, EXSAMP a n d /o r CONTIN re
turned an additional, very fast decay (see, for
example, Fig. 14). Its amplitude is too small,
and the uncertainty in the decay rate too large,
to warrant any other comment.
Figure 5 is similar to Fig. 1, except that now
two apparent radii have been calculated, from
the slow and fast modes. For the fast mode,
/?tpp lies below the bare sphere radius, but since
the meaning of the fast mode is unknown, this

is only a curiosity. The apparent radius asso
ciated with the predominant slow mode, which
is related to latex sphere diffusion, increases
with HPC concentration, perhaps indicating
continued adsorption a n d /o r clustering. Fig
ure 6 shows that the fast mode becomes stron
ger as HPC concentration is increased, in
agreement with the fact that m / T 2 also in
creases with concentration.
Comparing Fig. 5 to Fig. 1 reveals how se
vere the effect of nonexponentiality on probe
diffusion studies by DLS can be. Clearly, an
entirely different interpretation results from
these two analyses, neither of which is consisJournal o f Coitoid a n d in ierfa ct Science, Vol 129 .No I.April 1969
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Fic. 3. Decay rate distributions, converted into apparent
diffusivities assuming D= r / g 3. Same run as Fig. 2. (Top)
2EXP fit (vertical lines) and EXSAMP distribution (cir
cles). (Bottom) Distribution chosen by CONTIN is nar
rower than EXSAMP.

tent with the results of Rymden and Brown
who applied cumulants analysis to the nonexponential correlation functions measured in
their study of a very similar system. The degree
of misinterpretation from the simple analyses

may well be sensitive to the response o f a given
cumulants a n d /o r single exponential algo
rithm to nonexponential data. For example,
changes in data weighting, the number of
channels included, selection o f baseline, etc.,
may affect the outcome. Some cumulants
protocols call for increasing the number o f
terms, stopping just before an unrealistic result
(negative m f T 2) is reached (13). When more
than one decay rate is present, this will have
the effect of averaging the slow and fast modes,
which is acceptable ifan average is the desired
quantity, but if the average is canied through
to microviscosity calculations, the microvis
cosity will appear to be smaller than it actually
is; alternatively, R lpp will be too small. In our
experience, if third-order cumulants fails to fit
all the acceptably quiet data channels, mul
tiexponential fits and Laplace inversion are in
order. Asaguide, if (1 2 / ? 2exceeds about 0.2S,
a simple cumulants or single exponential
analysis will probably no longer be appropri
ate. Gose reinspection does reveal a minor fast
decay mode in some correlation functions
from our earlier study o f the Latex/HPC292,000 interaction. However, the nonexpo
nentiality is minor (compare semilog plots of
Fig. 2A or 2B of Ref. (17) to Fig, 2 o f the
present article). Only at the very highest con
centrations of the earlier study, where mz/ T 2
120
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H>Hrc “ 0.00172. W|m,, ■» )0 * \ no Triton.
Journal o f Coifotd and Interface Science. Vol. 129. No. I , April 1989

115

247

DIFFUSION OF LATEX SPHERES
HPC *1,000.000

X*907*

□ FAST MOOT
A S I O * MOOC

NO TRITON

SOOO

isoo

0 5 R 0 CUMU
A \t*P

*

1000

*

2900

*5

TRITON AOOCD
HRC * 1 ,0 0 0 ,0 0 0 .
M Tl

6
A
□

soo

2000

B aA

8
D?

A

1500

?0

1000
500

<

□D
□
20
wv10

Fig. S. Two apparent radii calculated from slow mode
(A) and fast mode (□ ) after 2EXP fit. HPC-1,000,000,
7f<.ir. “ 907 A, no Triton (cf. Fig. I).

approached or exceeded 0.2S, would the effect
have been significant. It is interesting to note
that the diffusivities for these points do indeed
lie above the trend of data at lower HPC con
tent.
EXPERIMENTS WITH TRITON X-100

Fig . 7. Apparent radius calculated from 3CUMU,
baseline from intensity and nin duration (□ ) and 1EXP,
floating baseline (A), itun* ■ 907 A* HPC-l,000.000. Tri
ton added.

in the presence of Triton X-100, based on
simple 3CUMU and 1EXP analyses. Super
ficially, this appears to indicate a substantial
failure of Stokes' law. However, even if correct,
such a conclusion would be premature; a more
detailed inspection will show that nonexpo
nentiality still interferes. For example, Fig. 8
shows the angular dependence o f decay rates
determined from 1EXP and 3CUMU analy
ses, at two different HPC concentrations. The
average of
over all angles is also indi-

Triton X-100 was added (0.1 wt%) to dis
place polymers from the latex spheres, thereby
simplifying the problem somewhat. The cor
relation functions decayed faster after this
treatment, consistent with the result for HPC292,000 (17). Figure 7 shows 7?ipp against w
TRITON AODED
MPC*1,0 0 0 * 0 0 0
RkftTlX » * O T l

10*

TBITON ADDED

HPC • 1,000,000.

*OOT.

0 00189
>0 000196

2 ■ 0.14

2! BOO
400

04

-4 0 0

qs / IO'°cm'z
0.0

Q9

1.0

LS

20

wx10*
Fig . 6. Ratio of fast mode to slow mode amplitudes
against weight fraction of HPC. Aklt> - 907 A, HPC1,000,000, Triton added.

Fig. 8. Angular dependence of average decay rates.
(Upper line) wHPC - 0.000158. (Lower curve) h Mpt
- 0.00183. Data pairs: at a given angle and concentration,
the top member of a data pair is 3CUMU, baseline from
intensity and run duration; the bottom is I EXP, floated
baseline. /tum ” 907 A, HPC*1,000,000, Triton added.
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cated. At w - 0.000158, the plot is essentially
linear, fi2/ Is2 is tolerably small, and the agree
ment between 3CUMU and 1EXP is good. At
w “ 0.00183, the curvature appears to be sig
nificant relative to error, m / t 3 is large, as is
the difference between 3CUMTT and 1EXP
estimates of f . All this indicates that the de
gree o f nonexponentiality depends on angle,
as well as concentration, as shown in Fig. 9.
Thus, even in the presence o f Triton X-100,
more sophisticated analysis is indicated.
The correlation functions were again found
to be bimodal (Fig. 10). Shown in Fig. 11 are
the angular dependences of slow and fast
modes for the same sample as Fig. 4, except
that Triton X-100 has been added (adding
Triton dilutes the sample slightly; this is over
come by evaporation, and the net concentra
tion is slightly higher). The agreement among
2EXP, EXSAMP, and CONTIN fits is very
good for the slow mode, which is about four
times faster than that without Triton X-100.
There does not appear to be any anomalous
q dependence of the slow mode in the mea
sured range. The fast mode appears to scale
as q2 (the linear correlation coefficient of the
fast mode line from 2EXP is 0.991; for the
slow mode, it is 0.999). However, as was the

o3
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Fig . 9. Normalized variance from 3CUMU vs scattering
angle. wHPC - 0.00183(□), wHPC - 0.0001 S8 (A). HPC1,000.000, Ruu, - 907 A, Triton added.
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Fig. 10. Decay rate distributions, convened into ap
parent diffusivities assuming D - T/qi. (Top) 2EXP fit
(vertical tines) and EXSAMP distribution (circles). (Bot
tom) Distribution chosen by CONTIN is narrower than
EXSAMP. In addition to slow and fast modes, both
EXSAMP and CONTIN find a “very fast" mode, which
causes the fast mode decay rate from 2EXP to be slightly
overestimated. R|.„. - 907 A, HPC-1,000,000, h ' h p c
- 0.00183. h v „ * 10’9, Triton added. Measured at 6
- 90° and Xo “ 6328 A, with total acquisition time of
* 8 4 0 s.

case in the absence of Tnton X-100, the
agreement between 2EXP, EXSAMP, and
CONTIN is only fair for the fast decay rate,
which has to do with its low amplitude. We
hesitate, therefore, to state positively that the
fast mode is diffusive.
Apparent radii from the strong slow mode
are similar to the bare sphere value, decreasing
somewhat at large concentration (Fig. 12).
Thus, the slow mode appears to be a direct
descendant of the decay one expects in a sim
ple binary (latex/water) solution. A very con
servative estimated accuracy in measuring ap
parent radii would be approximately ±25%.
It appears that the decrease is significant, even
relative to this large error estimate. Thus, there
is evidence for underconstrained behavior, al-
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though it is quite a bit less dramatic than sug
gested by the simple analyses (Fig. 7) or by
previous results obtained elsewhere (16). The
recent results of Yang and Jamieson (21) con
firm moderate failures of the Stokes-Einstein
relationship in some limits.

that of the bare sphere in binary solution (see
Fig. 13). Some possible explanations of the
fast mode have simple physical interpretations.
In this group, we identify the following hy
potheses: “matrix scattering” (including,
where applicable, scattering from the Triton
X-100), "matrix coupling,” and “non-Fickian

NATURE OF FAST MODE

The uniquely correct interpretation of the
fast mode is not as clear as the fact that it can
substantially corrupt data interpretation if not
properly accounted for. It is interesting that,
if this mode is diffusive, the diffusivity exceeds
TRITON 4 0 D E 0
H P C -1 .0 0 0 .0 0 0
P , , r ■ -9 0 7 1

1 EXP □ F I S T UOOC
t SlOW MODE
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F ig . 13. Reduction of diffusivity as HPC is added.
w*io3
« 907 A; HPC-1,000,000; (□) Fast mode, Triton added:
F ig . 12. Apparent radii from slow (A) and fast (□ ) (A) slow mode, Triton added; (0 ) fasl mode, no Triton;
modes from 2EXP fits. HPC-1,000,000, Rlutk - 907 A,
(X) slow mode, no Triton. Note that the apparent diffu
Triton added.
sivity from the fast mode sometimes exceeded Do.
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diffusion.” Before dealing with each o f these
possibilities, it is helpful to refer to Fig. 14,
which locates the decay rates from various in
dividual components (latex, HPC, Triton X100), measured separately, in the context of
typical decay profiles obtained after mixing.
Matrix scattering. Can the fast mode arise
from the scattering of the matrix? In the sense
of direct scattering, this certainly seems un
likely. Even in the worst case at high-HPC
content and high angles where probe scattering
is reduced by intraparticle interference, the
probe out-scatters the matrix by >80:1. The
question has been raised (40) whether the latex
spheres might act as heterodyne sources for
the matrix, leading to substantial matrix sig
nals. Certainly, if the latex spheres are local
oscillators, they are strong ones. In the limit
o f a strong local oscillator, the matrix scatter
ing would be expected to contribute only
weakly to the correlation function. For ex
ample, if we were to provide a true fixed local
oscillator with a beam-splitter and adjust for
80:1 intensity ratio we might expect the max
imum signal in the first channel to stand up
above baseline by about 2% or less (32, 33).
The actual signal typically exceeds baseline by
20-60%, depending on instrumental settings,
a fairly substantial portion of this being the
fast mode in some cases. Additionally, the de
cay rate distribution for the binary polymer
solutions, measured at either of the two lim
iting concentrations, is very much broader
than the sharp fast peak detected (Fig. 14).
Neither does it seem likely that the fast mode
derives from the even more weakly scattering
Triton which does, however, have a relatively
sharp distribution (Fig. 14). Therefore, the
possibility that the fast mode represents either
direct scattering or heterodyne signals from
the matrix seems very remote.
Matrix coupling. Can the fast decay mode
arise from coupling of the latex spheres to the
cooperative motion o f the matrix? The anal
ogous suggestion has been made by Chu and
Wu, in their study o f poly(methylmethacrylate) diffusion in a matrix of polystyrene,
Journal o f Coiioul and Interface Sctenct Vol. I29. No. I. April 1989
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where the polystyrene is made invisible by use
o f a mixed solvent at an appropriate temper*
ature. Reference (6) certainly demonstrates
that the matrix scattering hypothesis is not
necessary to explain nonexponential correla
tion functions. Since the decay rate distribu
tion o f the binary HPC does overlap with the
fast mode detected, such coupling is a possi
bility. Unfortunately, the notion of coopera
tive motion for semiflexible polymers is illdefined (41, 42). Together with the fact that
the decay rate distribution of H PC/w ater so
lutions is broad—especially at high concen
trations—while the fast mode is not, this
m eans that it would not be at alt simple to
identify what type of motion the latex spheres
would be coupling to, if the coupling hypoth
esis is correct. We also note that the fast mode
decay rates increase upon addition o f Triton
X-100, although the decay profile of the matrix
does not shift towards faster decays on addition
o f Triton X-100 (not shown).
Non-Fickian diffusion. Bishop, Langley, and
Karasz, who studied polystyrene diffusion
through a porous glass by DLS, found an in
crease in nonexponentiality as q was raised
(43). The average diffusivity also increased
with scattering angle, but never exceeded the
diffusivity in simple, dilute solution. Like the
Chu and Wu experiment, this work demon
strates that matrix scattering is not necessary
to explain the nonexponentiality in the cor
relation function; although the glass matrix
certainly scattered (it was actually used as a
local oscillator), it clearly cannot account for
any separate decay mode, since it is immobile.
Likewise, the Bishop, Langley, and Karasz
study demonstrates that neither is the matrix
coupling hypothesis necessary. A possible in
terpretation o f these findings (not necessarily
the only one) is that the polymer executes
rapid stochastic motions over short distance
scales, but net motion on a longer scale is
slower. At high q, the rapid motion should be
sufficient to relax the correlation function,
leading to a single exponential decay. It has
been reported that the nonexponentiality did
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indeed return to small values at sufficiently
high q (44). At low q, the molecules exhibit
a macroscopic diffusivity, somewhat slower
than in simple dilute solution. During these
measurements at low q, the fast, short-range
motions do not contribute much to the decay.
At intermediate scattering vectors and distance
scales, both the rapid short-range motion and
slower long-range motion may contribute to
the relaxation. That complex behavior was still
observed in this simplifying system attests to
the difficult nature o f all probe diffusion stud
ies. The mobility of spherical probes in true
gels, reversible or permanent, has been the
subject of several DLS studies (45-48) , most
of which have noted, but otherwise ignored,
the nonexponentiality of the correlation func
tions. In a study o f latex sphere diffusion
through polyacrylamide gels by DLS, the frac
tion o f latex spheres that were mobile over a
distance q~l was determined by treating the
data in a manner similar to that used by Fried
and Bloomfield to determine sol fraction in
DNA gels (46), as a function o f q, thus en
abling the pore size distribution of the gel to
be determined. This confirms non-Fickian
behavior in a system where the constraining
matrix is synthesized so as to surround the
latex spheres. There appears to be little infor
mation as to the actual distance dependence
of the diffusivity itself. This information may
be hidden in the nonexponential character of
the correlation functions.
In summary, at least three hypotheses with
simple physical interpretations can explain the
nonexponentiality. Two of these (matrix scat
tering and matrix coupling) are invalid if the
matrix is fixed. The nonexponentiality, how
ever, survives in porous glass and true gel sys
tems where the matrix is either completely
immobile or mobile only over small distances,
respectively. Perhaps the nonexponentiality in
these cases represents non-Fickian diffusion.
It seems unlikely that this explanation applies
to the Latex /H PC correlation functions mea
sured so far, because the fast mode sometimes
exceeds the probe diffusivity in water (Fig. 13).
Journal o f Coilotd and liuerfatt Sctmce. Vol. 129. No. I. April 1989

120
252

MUSTAFA AND RUSSO

Thus, none of the three intuitive explana
tions seems appropriate to the L atex/H P C /
solvent systems studied to date. However, a
search for a simple physical explanation may
be premature. Perhaps the surest conclusion
regarding the shape of the correlation func
tions was made by Benmouna el a!., who con
sidered the case of a mobile matrix and a m o
bile probe: “it is difficult to extract the physical
implications from general formulas” (24).
Still, after consideration of certain limiting
cases in Ref. (24), it would be difficult not to
conclude that bimodal correlation functions
with substantial mode amplitudes for both
slow and fast decays will often be found, even
in systems where one component is a very
weak scatterer. It then becomes incumbent
upon the experimenter to isolate, not average,
these modes.
STRETCHED EXPONENTIAL

There is a great interest in the “stretched
exponential" form which describes the reduc
tion in probe difTusivity as matrix concen
tration increases (49-51). Empirically, it is
found that the probe diffusion obeys D
= D0tx p (-a M '>R >c'')t with M the molecular
weight of the constraining polymer and R the
probe radius. After allowing for the initial
clustering in our earlier study, we arrived at p
s= 1 for the clusters, which is near the top of
the normal range (51). This observation agrees
with the recent results o f Yang and Jamieson
(21). The values compiled for b ({ *= 0) are
consistent with our previous work, where the
mobility of two different-sized clusters rolled
off at practically identical rates with increasing
HPC concentration. However, preliminary
studies of dye diffusion by fluorescence recov
ery after photobleaching indicate that, at some
limit, the size of the probe becomes important.
Accordingly, smaller probes (a n d /o r larger
matrices) should be measured.

ponential analyses o f the correlation function
data can be quite misleading. This is not to
imply that the correlation functions cannot be
fit by a cumulants expression with a sufficient
number o f terms. However, to do so would be
average over the true decay rate distribution,
which several independent data analysis al
gorithms find to be bimodal. The slow decay
rate is definitely diffusive, and the fast one ap
pears to be diffiisive, although agreement be
tween the various fitting routines on the fast
mode is less positive than for the slow. It is
clear that multiexponential or Laplace inver
sion analyses provide an improved estimate
o f the strong, slow decay mode, leading to a
better determination of D. Failures of the
Stokes-Einstein relationship, based on the
slow mode, are less dramatic than those from
simple cumulants analysis. However, even af
ter allowing for a generous error estimate, the
relationship does appear to fail, by up to a
factor of almost 2 (Fig. 12). We note with
concern that conclusions favoring the failure
o f the Stokes-Einstein relationship have
sometimes been based only on cumulants or
other simple analyses, even though higher
j o / f 2 than observed here were reported. We
also caution that care should be taken to de
termine the decay profile before reaching con
clusions about the stretched exponential: just
as the exponents of this flexible function can
hide artifact due to aggregation (17), so can
they cover up the fact that the true difTusivity
is not measured by cumulants analysis of a
nonexponential decay. The price, o f course, is
potential error in determination of the param
eters o f the stretched exponential. Several ex
planations were considered for the fast mode,
but none was found to be adequate in the
present case. This should be viewed as an op
portunity for theoretical development, since
there is evidently some information available
in the fast mode.

SUMMARY
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ADDENDA
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KINETICS OF LATEX SPHERES CLUSTERING IN HPC

In the first paper on the diffusion of polystyrene latex spheres in
HPC solutions, we attested th a t the latexes aggregated up to only a
certain size.

Ever since, the rate of the cluster formation of the spheres

has been an interest to us.
For this experiment, 0.2 m g/m l aqueous HPC—1,000,000 and a
suspension of

10

ppt of the same latex Bpheres of 379

previously were prepared.
described earlier.

A

radius used

All solutions were prepared and dedusted as

The latex suspension and 0.9 ml of the HPC solution in

a square glass cell were prewarmed at 30 °C.

To the cell containing

HPC, 0.1 ml latex solution was added and quickly mixed and the mixture
was measured immediately.

The measurements were made every 10 s for

ten runs, then every 2 min for 5 runs, and every 15 min for 5 runs.
The m ixture was let stand for almost 2 days, and another measurement
was taken, after which Triton X—100 ( 1 ml, 0.01 g/m l) was added to the
binary solution and subsequently measured.

The result of the kinetic

measurements is shown in Figure III. 10, where the difTusivity of the latex
spheres is plotted against time.

The inset is a blown up version of the

plot for the first 1600 s of measurements.

The reduction of the 379—A

latex particles sizes is s 10 times after addition of surfactant, compared to
about a five—fold decrease for the 907—A spheres as shown in Figure 5 of
the reprint.

It is evident from the plot th at the latex clusters formed

almost instantaneously, within the first 30 s after mixing, and th at the
d u ster size remains more or less constant within the period of
measurement for almost 48 hours.
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T H E USE O F SILANATED CELLS F O R AQUEOUS SYSTEMS

As dust is the ever present problem to light scatterers, we are always
finding ways and means to make the tedious task of dust removal from
our samples less laborious.

G reat care has to be exercised in every step

of sample preparation, including using scrupulously clean glasswares.

We

have found th a t silanating the sample glass cdls greatly helps reduce the
effort of cell cleaning.
M. Bishop.

The procedure for glass silanation was an idea of

The procedure calls for soaking the

a d d for a t least 5 min and rinsing with water.

cells in concentrated nitric
The cells are then

soaked

in concentrated hydrochloric acid for another 5 min and rinsed with water,
followed by methanol.

The cells are heated (~ 70 °C is suffident) and

soaked again in silane solution while still hot for at least 1 h.

The recipe

for the silane solution is approximately 200 ml toluene to 5—10 ml
chlorotrimethyl silane.

For the post—treatm ent, the cells were rinsed with

anhydrous methanol to remove excess silane.
Most of the light scattering experiments of
in silanated cells.

HPC solutions were done

Silanation appears to reduce the "wettability" of the

glass, and th e dust partides sticking on the surface were easily washed
away just by rinsing a few times with dedusted water.

The silanated cell

should not be used if the solvent will hydrolyze the silane groups, such as
sulfuric acid.

We have also discovered th at it is not appropriate for use

with organic solvents, such as toluene or tetrahydrofuran.

However, with

aqueous samples, glass silanation seem to be the short cut procedure to
deaning sample cells.

Figure III. 10.
Measurement of the rate of du ster formation of polystyrene latex
spheres (radius = 379 A) in HPC-1,000,000.
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INTRODUCTION

Among the various techniques for measuring diffusion of specific
components in a complex solution, a relatively new tracer diffuser method
referred to as fluorescence photobleaching recovery (FPR ) or fluorescence
redistribution after photobleaching (FRAP) has emerged as a useful tool for
measuring molecular mobility in macromolecular solutions.

This method

was first developed in the biophysical community [1,2], so, the m ajority of
the work has been directed to elucidate the mechanisms of translational
motions in biological systems [2—12].

Recently, it has been successfully

applied to colloidal and m aterial science problems [13—18] and has proven
to be especially useful for measurement of diffusion coefficients of small
probe molecules.

In particular, the wide dynamic range of the experiment

(i.e., diffusion coefficient ranging from 10*5 to 10'12 cm 2/s within a
convenient tim e scale) coupled with its sensitivity permits noninvasive
measurements of probe diffusion in polymer solutions over the entire range
of m atrix composition and temperature.

Unlike QELS, F P R measures

selectively the difTusivity of the probe molecule, a luxurious feature th at
eliminates th e tedious task of removing dust or foreign particles from the
samples.

However, the high data quality enjoyed in QELS is sacrificed in

FPR.
There is no doubt th at nondilute solutions are very difficult to treat
theoretically.

Once the domains of the polymer chains start to overlap,

the system enters the semidilute region.

In the semidilute region, there

exist intermolecular entanglements and the solution can be pictured as a
transient network structure.

Diffusional transport in such syBtems has been

analyzed using scaling laws [19].

These laws, however, do not predict the
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actual diffusivities, b ut rather th e exponents in simple power laws.
Transport in th e concentrated region is generally considered too difficult to
analyze rigorously using molecular mechanics because of the complex
intram olecular and intermolecular interactions.

This is unfortunate since

most of th e problems of practical significance involve diffusion in the
concentrated region.

In addition, diffusion of small molecule in polymers

could be strongly affected by the physical structure of the polymer matrix.
Changes in th e local environment may exert a significant influence on the
difTusivity.
Analyses of diffusional transport of small molecules in concentrated
polymeric solutions or gel systems have been carried out using either
approxim ate molecular theories or the free volume theory of transport [20].
The molecular theory of diffusion is viewed as the result of fluctuating
therm al energy in the polymer.

In the free volume approach, it is

thought th a t fluctuating local density in the solution causes free volume, or
holes, to be formed into which the diffusing molecule will move or jump if
the hole is sufficiently near and large.

Most systems composed of neutral,

linear, flexible polymers [21—23] have been quite successfully treated by the
application of free volume concepts, as examplified by the models of Fujita
[24] or Vrentas and Duda [25,26].

Nevertheless, the validity of these

theories for rodlike systems has yet to be established, and theories
predicting behavior of small molecules mobility near or in the liquid crystal
region are very scarce.

Furthermore, there appears to be no available

theory th a t can quantitatively predict experimentally observed diffusivity
behavior for polymer solutions over large concentration intervals.
This chapter consists of a report of an experiment undertaken with
the prim ary aim of extending the range and detail of diffusion
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measurements of probe molecules in HPC.

Specifically, the difTusivity of

sodium fluorescein dye in HPC has been measured by the F P R technique.
The concentration range of the HPC is much wider than the previous
latex spheres probe diffusion study (C hapter III), and includes the lyotropic
liquid crystal regime.
lyotropic liquid crystal.

This is the first study of small probe diffusion in a
Measurement at several tem peratures allows

apparent energies of activation of diffusion to be obtained.

This chapter

also presents fluorescence spectroscopy studies to explore the possibility of
any specific polymer—probe interaction.

Not surprisingly, enormous

differences were observed in the systematic diffusion of a very small probe
in HPC matrices compared to the larger latex sphere probes of Chapter
III.

MATERIALS AND SAMPLE PREPA RA TIO N

HPC samples were purchased from Scientific Polymer Products, Inc.,
the molecular weights are given in Chapter II.

The fluorescent dye used

as probe, a disodium salt of fluorescein (Figure IV. 1) th at is soluble in
water, was purchased from Aldrich Chemical Co.
were used as received.

Both HPC and dye

All samples for F PR measurements were prepared

by weighing together HPC and aliquots of aqueous stock solutions of
sodium fluorescein having concentrations of 1-5 mM.

A higher stock

concentration is necessary to prepare very concentrated HPC solutions in
order to raise up th e number of fluorophores for a healthy measurable
signal from th e small detected volume (typically ca. 3 /*L).

The

concentration of sodium fluorescein in the HPC samples is not critical in
this particular experiment, but the final dye concentration in any sample
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does not exceed 5 mM (the most concentrated dye solution prepared).

On

the other hand, th e final sodium fluorescein concentration was carefully
kept constant [3 x 10'® M, to yield ultraviolet—visible (UV—vis) absorption
at Amax = 4700

A

of 0.1] for fluorescence spectroscopy experiments where

the samples were prepared by volume.

A small amount of sodium azide

was added to prevent bacterial degradation of the polymer.

The HPC

solutions were allowed to equilibrate for up to several months; time
dependent results were not observed.
Samples th at were not too viscous were loaded into rectangular glass
cells (Vitro Dynamics, Inc.) having a path length of 0.1 mm.
were flame sealed.

These cells

The extremely viscous samples at higher concentrations

were placed on microscope slides with cover slips and sealed around the
perimeter with silicone grease.

FLUORESCENCE PHOTOBLEACHING RECOVERY BACKGROUND

1.

Apparatus and Experim ental Setup

The configuration of the F P R apparatus is shown in Figure IV.2.
The entire assembly, except for the computer, was set on an antivibration
optical table (Newport Research).

The central component of the F P R

apparatus is the optical microscope (Olympus BH—2), modified to allow
epi-illum ination by th e laser.

The light source is an EXCEL 3000 Argon

ion laser, capable of em itting blue (4880

A)

or green (5145

power on the order of about 2 w atts per line.

A)

light with

Laser intensity shifting is

accomplished using an acousto-optic modulator (AOM; Newport Research
model 35085—3), controlled by the computer (IBM PC —AT).

The AOM is
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set to produce the strongest intensity at the first order of the diffracted
beam when it is on.

This is the beam used for photobleaching.

W hen

the AOM is turned off, the brightest beam is shifted to the zero order
and the now weak first order resumes as the probe beam.

The usable

contrast ratio of the bleaching to the probe intensity is between 1500 to
2000, and beam diffraction efficiency is about 86% at 4880 A.

A contrast

ratio of at least 1000 is essential for F P R (see "Rule of 1000" below).
The diffraction efficiency is the ratio of the zero order intensity (AOM off)
to the first order intensity (AOM on).

The AOM is actually capable of

more than 10 times the intensity shift cited above (contrast ratio > 1 *
104).

In this high performance mode the reading beam (first order light

diffraction) produces so weak a signal for measurement w ith the existing
system th a t it was deemed necessary to have the AOM modified.

A

"spoiler" was installed in the AOM electronics, reducing its performance to
give an increased intensity of the first order reading beam.
the maximum contrast mode is retained.

Nonetheless,

Either mode (high contrast or

spoiled) is accessible by the flip of a switch.

The contrast ratio of the

bleaching intensity, in either high contrast or spoiled mode, to stray light
(Newport EOS driver power off) is up to 5 * 104.
The apparatus can be set up for either spot or fringed pattern to be
bleached on the sample.

Only fringed pattern is used in this study.

The

fringed pattern is achieved by placing a commercial Ronchi ruling (Edmund
Scientific), a coarse grating for which the widths of the black lines and
the transparent spaces between the lines are equal, at the back focal plane
of the microscope objective lens.

A sharp image of the fringe is projected

on th e sample in which a striped pattern will be w ritten after bleaching.
Employment of the fringed pattern is very useful for measurements that
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involve slow diffusers, and it greatly simplifies analysis of data as it
provides a well-defined boundary condition for diffusion [27,28], as opposed
to the difficult task of determining the spatial intensity profile [1] when
the spot p attern for the recovery is used.

The patterned beam is

deflected by a dichroic mirror and focused by the objective lens onto the
sample, which sits on the specially designed tem perature controlled
microscope stage capable of maintaining the tem perature to ± 0.5 °C over
the duration of a series of measurements.

Fluorescence from the sample

passes through the dichroic mirror, where it may be directed to the eye
via the microscope eyepiece, or to a photomultiplier tube detector (PMT;
either EM I-9862 or RCA-7265 phototubes were used in the experiment).
The PM T is protected by an electronic shutter (Newport Research 846HP)
th at remains closed when measurement is not in progress and particularly
during the brief tim e when photobleaching occurs.
computer controlled.

The shutter is also

Directional mirrors are positioned as required for

convenience of alignment (see sub-section on alignment).

The lens (LI;

Figure IV.2) at the rear entrance of the epi—illumination module of the
microscope helps render a clear image of the Ronchi ruling.

W ithout it,

the high spatial frequency components of the Ronchi scattering pattern
needed to produce a sharp image on the sample cannot be captured.
Another lens (L2; focal length = 65 mm; Figure IV.2) is positioned near
the opening of the PM T housing to collect and focus all the fluorescent
intensity to the detector.

The lens is actually an eyepiece (Olympus NFK

3.3 x LD, 125) with only the bottom lens of this compound optic retained
for use.

A green filter (F; Figure IV.2) is placed immediately after L2

allowing only th e fluorescent green light to pass through to the phototube,
thereby reducing sensitivity to stray room light.

The analog intensity
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readout from the photometer (Pacific Precision Instrum ents—126) is fed into
a 12—bit A /D (analog/digital) board of the data acquisition and control
device (IBM DAC) attached to the computer.

In addition to data

collection, the computer also facilitates data storage, analysis, and plotting.

2.

Aligning the FPR Instrument

So far there has been no established procedure on how to align the
instrum ent.
helpful.

However, there are several guidelines th at proved to be

First, the laser beam is directed straight through the fused silica

crystal of the AOM.

The mode is switched to CW (continuous wave)

operation on the Newport EOS driver where the beam passing through the
crystal is diffracted.

For optimum beam diffraction efficiency, the optical

crystal has to be adjusted to its Bragg angle.
the stage on which the AOM is mounted.

This was done by rotating

The normal practice was to

set one of the first order diffracted beams to be the brightest.
Additionally, minor adjustm ents to the laser aim can sometimes increase
the diffraction efficiency.

The AOM manufacturer recommends th a t the

laser strike the fused silica crystal near the side at which it is attached to
the radio frequency (RF) source, and th at the stronger of the two first
order beams be deflected in this direction.

A diaphragm is then positioned

to allow only the first order beam to pass through to a series of mirrors.
These mirrors can be adjusted so th at the beam is reflected into the
opening at the back of the microscope and eventually onto the sample.
The most critical part of the alignment procedure is to get the beam
exactly centered as it enters the microscope.

This is done by aiming the

beam through a diaphragm th at is screwed in place of the lens LI (after
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the alignment procedure, the lens is put back in place).

At this step, a

second person can be very handy helping to look through the microscope
eyepiece and direct the mirrors adjustments.

The instrum ent is considered

aligned when a uniformly round Gaussian beam is reflected on th e sample.
The whole procedure should not take more than 30 min, and alignment is
generally stable unless one of the adjustable components (e.g. mirror, laser,
AOM) is bumped.

3.

Determination of the FPR Relaxation Time

Two im portant criteria of the sample to be measured in the F P R
experiment are, of course, th at it be fluorescent, and secondly, th a t the
photobleaching be irreversible, i.e., the bleached fluorophores must not
recover their fluorescence chemically, or at least such chemical recovery
m ust not be rapid compared to diffusive recovery.

For species th a t are

not naturally fluorescent, an appropriate dye may be attached covalently to
the molecule of interest.
Given an appropriate sample, the F P R experiment is conceptually
simple (Figure IV.3).

A small region of sample is illum inated by a weak

laser beam th a t stim ulates fluorescence.
taken as the baseline.

The initial fluorescent intensity is

The diameter of the illuminated spot on the

sample is 0.5 mm (with 18X objective) to 3.5 mm (4X objective) and has
a Gaussian intensity profile when the laser is operating in TEM Q0
(transverse electromagnetic) mode structure and the AOM is properly
aligned.

W ith the Ronchi ruling in place, at the rear focal plane of the

objective lens, we see a demagnified but sharp image of the grating on a
thin sample (the sample has to be brought into focus first).

To initiate
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measurement, th e intensity of the laser is dram atically increased by means
of the AOM for a very brief period, typically 0.01 to 1 s, thereby
photochemically and irreversibly bleaching some of the fluorophores in the
illuminated region.

The total bleach depth is normally about 25% of the

signal— th at is, about 75% of the original fluorophores are unaffected by
the bleach.

The reappearance of fluorescence by redistribution of the

undamaged fluorophores into the bleached region is monitored by the same
beam at the same intensity level as during baseline m easurement.

This

probe beam is assumed only to excite and not bleach further the
fluorescent molecules.

The insignificance of such parasitic bleaching is

established for each run during the baseline measurement.

Figure IV.4a

shows a representative trace of raw data of the F P R experiment.

The

intensity after photobleach is given by:

I j (t) = B^ — 0 — a e~

+ St + weaker terms.

[1]

Here, B^ is the steady fluorescent intensity before bleaching, which is
taken as the baseline and T is the recovery rate of the fluorescent
molecules (see Figure IV.5).
intensity is A = 0 + a.

The magnitude of the total change in
The term St represents to first order the spot

recovery mode, which is the recovery th at would occur in the absence of
the Ronchi ruling fringe pattern.
bleaching, if any.

It could also represent slow parasitic

As the time needed to diffuse a given distance is

directly proportional to the square of th at distance, the spot mode is
ordinarily much slower than the stripe recovery mode.

Typically, there are

7 to 20 stripes in a spot, so the spot recovery mode is approximately 49
to 400 times slower.

If there is no spot recovery or parasitic
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photobleaching, 6 is zero.

Also, if the Ronchi ruling has perfectly equal

stripes, then the ultim ate recovery of fluorescent intensity arising from
exchange of molecules between the bright and dark regions is exactly half
of th e baseline, a = 0 = A /2.

The intensity recovery d ata are

normalized and arranged as though they represent a decay of th e
perturbation in intensity caused by photobleaching (Figure IV.4b).

The

three different curves in Figure IV.4b were so obtained depending on the
fit routines used.

"Halfway" assumes the baseline, or the final intensity

after complete recovery, to be half-w ay between the initial baseline and
the intensity just after bleaching, as in the ideal case where a = 0 =
A /2.

The intensity immediately after bleaching is obtained by a low

order polynomial fit to the first few data points.

"Last ten" calculates

the baseline based upon the intensity recovered during the last ten points
collected.

The "slant" routine accounts for the signal th at decays toward

some slanting baseline to deal mostly with slow spot recovery process.

It

draws a line through points in the final recovered phase to determine 6.
The routine also reports the percent intensity due to parasitic bleaching or
spot recovery, if any, th a t alerts the user to bad runs.

A result of a

good run is when all three normalized curves coincide with each other.
Normally the "slant" fit is chosen and plotted out in a semilogarithmic
representation (Figure IV.4c).

A linear curve passing through the points

confirms th a t the decay of the intensity perturbation is single exponential,
within error, where r in the Figure IV.4c is the linear correlation function.
The error to the chosen fit is shown in Figure IV.4d.

The height of the

error bars represents the uncertainty of measurement for the normalized
slant recovery curve, and the distance from the center of the bar to line
of zero error represents the error of the fit.
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The dilfusivity of the sodium fluorescein dye, Ddye, can be determined
directly from the Blope of the semilogarithmic plot, Figure IV.4c.
However, in the present study, several measurements were performed on the
same sample (but never on the same spot th a t had already been bleached)
at different spatial frequency to assure high data quality.

This is

analogous to the F versus q3 experiment in th e QELS counterpart (see
Chapter III).

In the case of the F P R experiment, the relationship: Ddye

= d T /d K 3, was used to extract the diffusion coefficient of the dye from
the plot of T versus K 2 (Figure IV.6) via the slopes, where K = 2x/L
and L is the spatial period of dark and bright region made in the sample
by the Ronchi ruling [29].

The T versus K 2 plots were generated for all

samples, except for the two highest concentrations of HPC—1,000,000
solutions which were measured at one K setting only.

The slopes in the

plot are straight lines with zero intercepts (Figure IV.6), within error,
dem onstrating the absence of any non-diffusive recovery mode, and that
photobleaching of sodium fluorescein in aqueous HPC system is irreversible.
On top of the K dependence measurements, repeat runs (typically
s 5) were made at each K setting and the average result of these runs
was taken.

Therefore, about 20 independent measurements were made to

obtain each diffusivity value.

The available K values in the present study

are tabulated in Table IV. 1.

The K values used in these experiments

were determined by photomicroscopy.

The value was varied by selecting

various combinations of objective magnifications and Ronchi ruling sizes,
and chosen such th at the total window tim e span to monitor the recovery,
tw, was within 3 to 200 s except for very slow diffusers where their
recovery times exceed 200 s even at the highest K.

Window times less

than 3 s were not so desirable as electronic noise may become prominent
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and swamp th e actual signal.
W hen performing an FPR measurement, it is of worth to abide by
the "Rule of 1000" th a t governs the minimum contrast between bleaching
and measurement beam intensity.
"Rule of 1000" are:

The three conditions aimed for in the

(i) tb = O .lr (where tb is the bleach duration and

is th e characteristic fluorescence recovery time, 1/r);

(ii) tw = lOr, and;

(iii) the parasitic bleaching is not more than 10% of the signal bleached.
These three conditions, each a power of ten, can only be satisfied when
the contrast ratio is greater than 1000.

All the measurements reported

here were m ade with the rule in mind.
The 3 — 200 s tim e range was arbitrarily chosen for this experiment,
mainly for the sake of experimental convenience.

The impression should

not be th a t the instrum ent is incapable of monitoring very slow diffusers.
Technically, there is no upper limit on the slow difTusivity end for the
F P R device.

Practically, however, the major drawback of the F P R

technique is its sensitivity to parasitic photobleaching during long
fluorescence recovery time.

Notably at low tem peratures, samples with

very high concentrations had recovery rates that were prohibitively long
leading to the problem of baseline uncertainty as a result of parasitic
photobleaching.
serious problem.

Fortunately, there are ways to virtually elim inate this
One method is a clever and useful variation of the FPR

detection th a t combines the concepts of scanning detection and the fringed
p attern photobleaching [29,30].

This scanning device not only eliminates

the problem of parasitic photobleaching but also solves the problem of
baseline distortion due to convectional motion within the sample.

Briefly,

in th e set up, the Ronchi ruling is used in the usual manner but instead
of standing stationary, it is translated a t a constant speed while the

t
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recovery phase is measured.

As the periodic illum ination field falls into

and out of phase with the bleached pattern in th e sample, a modulation
of fluorescence emission is produced.

The photocurrent detected by the

PM T is reminiscent of a triangle wave (superposition of two square waves,
with one in motion produces a triangle wave) of the AC (alternating
current) signal.

The am plitude of the triangle wave produced also gives a

fundamental decay th at is a single exponential, and can be ratioed with
the DC (direct current) to eliminate the effects of parasitic bleaching, or
laser intensity drifts during very long experiments.

W ith the problem of

parasitic photobleaching out of the way, the upper lim it depends on how
long a waiting period can be endured.

The existing F P R apparatus was

recently equipped w ith a scanning detector, and as of this writing, it is
still in its very preliminary phases.

However, for most part of this

experiment, scanning detection is not really necessary as confirmed by the
linear T versus K 3 plots.

RESULTS AND DISCUSSIONS

1.

Dye Diffusion in W ater

The diffusion coefficient of dye in pure water, Do, was determined to
be (5.54 ± 0.15) » 10‘® cm 2/s at 30 °C.

The rapid rotational diffusion of

the dye ensures th a t the dye may be treated as an effective sphere.

The

corresponding Stokes’ hydrodynamic radius, Rh, of sodium fluorescein dye is
0.502 ± 0.014 nm.

Our previously published diffusion coefficient of the dye

is (5.1 * 0.2) x 10-® cm3/s measured in water at 25 °C (Rh = 0.480 ±
0.019 nm ) [17].

Figure IV.7 shows the fluctuation of sodium fluorescein
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hydrodynamic radius measured at tem peratures from 15 to 68 °C.

There

have been two other reported diffusion coefficients on the dye; (6.3 ± 0.5)
x 10*« cm8/s [31] and 5.2 * 10'fl cm8/s [32], both measured at 25 °C (Rh
= 0.388 and 0.469 nm, respectively), also by FPR.

2. Microviscosity Viewpoint

Probe diffusivities in complex solutions can be conveniently examined
in term s of

microviscosity. A discussion on microviscosity has appeared in

a section in

Chapter III.The difference in the microviscosity environment

experienced by small dye molecules and large latex sphere probes in HPC
m atrix are shown in Figure IV.8.

The Stokes’ hydrodynamic radius, Rh,

of sodium fluorescein dye measured in pure solvent is used to calculate the
microviscosity d ata for the diffusivities of dye probes in HPC.

Details of

how the radii of the latex clusters were derived appeared in Chapter III.
The diffusivities of the dye compared to the large latex spheres in HPC
are further evidenced in Figure IV.9, in two HPC m atrix concentrations
and th e three molecular weights (see legend).

The normalized difTusivity

of the latexes shown are for mobilities of the latex clusters (CL), where
CL—850 and CL—1760 have hydrodynamic radii of 892 and 1835 A,
respectively.
moved quite

As expected, the dye experienced a different environment and
unhindered in the HPC m atrix,

compared to th e larger latex

probes.
The significance of the motion of a small particle in a complex media
is evident in many diverse areas.

For example, in the m anufacture of

photographic films, the concern is to design them in such a way th a t the
photographic pigments are embedded permanently, or at least for a very
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long period of tim e, in the gel m atrix.

In coating industries, the concern

is th e ability of solvents to dry off from th e paint.

Generally, molecular

diffusion plays an im portant role in polymer plasticization and softening.

3.

Activation Energy for Diffusion

Dye diffusivities were determined over the tem perature range of 15 to
40 °G in aqueous solutions of HPC-60,000 at about 5 °C intervals for
samples having concentrations ranging from 2 to 58 % (w/w) HPC-60,000.
Self-diffusivities for dye in pure water were also measured up to 80 °C
and are shown in Figure IV.10.

For solutions containing HPC, the lack of

d ata at T > 40 °C is due to gelation of th e solutions above this
tem perature (see Chapter II).

FPR measurement in clear gels is possible

[17], but a crisp image of the Ronchi pattern cannot be formed in the
highly turbid HPC gels.

The results are displayed by an Arrhenius plot

in Figure IV .11 together with the sodium fluorescein d ata in pure solvent
for comparison.

The linear dependence of tog Ddye against reciprocal

tem perature, 1/T , in Figure I V .ll indicates an Arrhenius behavior in the
adm ittedly lim ited range of tem perature studied, whereby an apparent
energy of activation for diffusion, Edye, can be determined:

Ddye = D ' e~ Edyel R T .

[2]

D ' is the pre-exponential factor representing the diffusivity in the

lim it T = oo.

The values for Edye so obtained are presented in Figure

IV.12, where it increases with increasing polymer weight fraction, w„Dri.
nFC
The error bars represent the standard deviations in the linear fits used to
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calculate the activation energies.

The dependence of D ' on concentration

is plotted out as well (Figure IV .13), dem onstrating an increase of the
pre-exponential value as the concentration is increased.

There appear to

be no pronounced discontinuities as the lyotropic liquid crystal boundary is
crossed in the range of tem perature examined.

4.

T he "Universal Curve"

Dye diffusivity, normalized to the value in pure water, Do, is plotted
against wHPC in Figure IV. 14 for HPC-60,000, HPC—300,000, and
HPC—1,000,000 at 30 °C.

The independence of the dye diffusion

coefficients with respect to the polymer molecular weight is not totally
unexpected, notwithstanding the enormous difference in the solution
viscosities.

However, there is a concentration dependence th a t looks almost

like a perfect single exponential decay.
It has been asserted th at for diffusion of a small molecule probe or
solvent molecule in dilute polymer solution that there is no dependence of
the chemical identity of any component, provided th at the system is well
above its glass transition, the polymer is of sufficiently high molecular
weight to be effectively immobile on the tim e scale of solvent motion, and
there are no specific interactions between polymer, probe, and/or solvent.
If all these conditions are m et, a plot of D/Do versus the volume fraction
of the polymer, fa, should produce a master curve having a definite slope.
Such behavior has indeed been observed for a variety of systems
[21—23,33—35], all of which, however, are random coil polymers dissolved in
good solvents.
In order to compare our results to these observations, values for the
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volume fractions were calculated using the average partial specific volume
of the polymer obtained from densitometry measurements (using a
M ettler/P aar DMA 02D densitometer calibrated with dry air at ambient
atmospheric conditions measured with a mercury barom eter) of HPC-60,000
solutions up to wHPC = W2 = 0.030.

The densities of the solutions were

measured from 5 to 40 °C, at 5 °C intervals.

Above w2 = 0.030, the

solutions became so viscous th at loading the sample and getting rid of
bubbles from the densitom eter’s column became a problem.
densities for w2 > 0.030 were not measured.
plotted against w2, Figure IV. 15.

Hence,

The reciprocal densities were

The proper method for obtaining partial

specific volume quantities is to fit a curve through the data.
to the curve has an intercept th at is a function of w2.

The tangent

The partial

specific volume quantities can then be evaluated from the tangent line.
However, with th e present density data set that spans only a fraction of
the concentration range of interest, and is linear within th at range, the
partial specific volume of the polymer, v 2 will be approximated as a
constant.

The d ata in Figure IV. 15 are extrapolated to w2 = 1 where the

intercept is taken as v2.

The partial specific volume of the solvent, v t, is

taken at the opposite intercept at w2 = 0.

The average partial specific

volumes of HPC and water obtained at various tem peratures are tabulated
in Table IV.2.

The "apparent" density of HPC (inverse of v 2) in water

measured at 30 °C is 1.241 ± 0.002 g/m l and the corresponding density of
water (inverse of Vi) is 0.9953 g/m l.

The actual density of water at 30

°C is 0.99565 g /m l [36], in good agreement with the experimental value.
The density of amorphous HPC (M = 416,000 g/m ol) determined from
melt rheom etry measurements extrapolated to room tem perature is 1.088
g/m l [37].

A value of 1.170 g/m l was obtained for the density of the
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w ater-cast film of HPC [37].

The measured partial specific volumes can

be converted to solvent volume fractions using the relation;

y j

,

_

1 +

which assumes volume additivity.

(«4f>2/W |f>i)

Volume fractions calculated using the

densities of the reported [37] HPC in water yielded almost similar values
using the partial specific volume, so we are content to use our measured
figures.

Nonetheless, both methods give an approximation of the required

volume fractions.
In order to facilitate comparison, the diffusion data of four other
systems obtained by different methods are plotted as to g ( D / D o ) against
fa, th e volume fraction of th e polymer, in Figure IV.16, together with the
results for fluorescein in HPC.

To describe the ternary systems, a coding

th at specifies probe/m atrix/solvent is used.

The system of

hexafluorobenzene in polystyrene/tetrahydrofuran (C 6F6/PS/TH F) solution
was studied by von Meerwall et al [21] using pulsed-field-gradient spin
echo nuclear magnetic resonance (PGSE NMR).

The solvent

self-diffusivities for the toluene/polystyrene (T ol/P S /T ol) d ata of Pickup
and Blum, also measured by PGSE NMR [35], are plotted for direct
comparison.

In a study by Landry et aL [23], the transient optical grating

technique, or forced Rayleigh scattering, was employed to measure the
diffusivities of three different photochromic dyes in polystyrene and
polyisoprene in tetrahydrofuran solutions.

Only diffusion results of the

methyl red in polystyrene/tetrahydrofuran (M R /P S /T H F ) at two different
tem peratures are shown here.

W ithin experimental uncertainty, the

normalized diffusion coefficients fall on very similar curves, especially at
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lower concentrations.

However, clearly there is a deviation in diffusional

behavior of the dye in HPC.

The data fall well below the universal

curve, suggesting th a t the HPC greatly reduces the diffusivity of the dye.
Also included in this plot are normalized diffusion coefficient d ata for
methyl red in polyvinyl acetate/toluene (M R /PV A c/Tol) [38] th a t are also
inconsistent with th e universal curve.

For this case, specific hydrogen

bonding between the dye and the polymer was postulated to account for
th e anomalous behavior.
In order to test for the presence of any chemical interaction between
sodium fluorescein and HPC in water, a battery of tests exploiting
fundamental fluorescence phenomena [39] was carried out.

As rotational

diffusion or the angular displacement of the fluorophore is a highly
sensitive probe of interaction, measurements of the fluorescence emission
anisotropy were carried out using a fluorescence spectrometer in the
L—format or the single-channel mode [39],

The fact is th a t if the

fluorophore is rotating very rapidly, it has to be free from any interaction,
thus less polarized.

For fluorescence anisotropy measurement of sodium

fluorescein fluorophores in water, the excitation wavelength, Aex, was set to
4700

A, and emission wavelength, Aem, to 5200 A.

The anisotropy,

r, is

calculated using the formula:

vv - G F VH

F,
r

F VV + 2 G F ,VH

where F is the observed fluorescence intensity.

The two subscripts denote

the positions of the emission and excitation polarizers, respectively, vertical
(v) or horizontal ( h ).

For example, FVH means vertically polarized
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excitation and horizontally polarized emission.

The G factor is th e ratio

of the sensitivities of the detection system for vertically and horizontally
polarized light.
- Fh v /F q h .

G

It can be obtained from the ratio of F QV and

The degree of rotational diffusion can also be described in

terms of polarization, P, and is related to r by the following equation:

2 +

i

Figure IV.17 shows r of the dye as function of HPC—1,000,000
concentration.

Although the effect seems rather slight, there appears to be

an increasing trend of r with HPC concentration.

The cause of this effect

may be attributed to the viscous nature of the HPC solutions in which
the rotational freedom of the dye may be somewhat restricted.

Still the

very low r values suggest th at the dye rotates with too much freedom for
it to held up by any specific interaction with the polymer.

The value of

Pq, polarization in the absence of rotational diffusion (e.g., in a glassy
state), for fluorescein reported by Cahen is 0.44 [40], for which the
corresponding rQ is 0.34.
The equation for P may be rewritten as,

1 -

3 ~ p = W (1 + r/<f>).

Here, <(> is the rotational correlation tim e and r is the fluorescence lifetime.
Therefore, in order to interpret the low values of r as unrestricted
rotational diffusion, it m ust be shown th a t r is independent of HPC
concentration.

The constancy of fluorescence intensity, F, with HPC

concentration is shown in Figure IV.18 relative to the intensity in the
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absence of any HPC, Fo.

The absorption spectrum of sodium fluorescein

was also not affected by HPC.

These observations strongly suggest th a t r

is independent of HPC concentration, and th at the low r values clearly
imply th a t dye rotation is not hindered by HPC.
To corroborate th a t the dye is not bound to the polymer, the
emission anisotropy dye covalently attached to the polymer was measured.
HPC-60,000 and —300,000 were labelled with fluorescein isothiocyanate
(FITC; Sigma).

FITC was attached to HPC according to an adapted

recipe for FITC -labelled gelatin [41].

In gelatin the most reactive function

is the amino group which couples readily with isothiocyanate.
HPC has only the less reactive hydroxy group;
tim e is required.

However,

therefore, longer reaction

The stoichiometry was such th a t one dye is attached to

about every seventh HPC chain for labelling HPC-60,000; and
approximately 1: 1 for HPC—300,000 (i.e., every chain is labelled).

The

process simply involved dissolving HPC and FITC in acetone, and allowing
the reaction to run for 3 days, after which n—heptane (M allinkrodt) was
added to the bright greenish-yellow solution to precipitate the polymer.
The supernatant was decanted.

The precipitate was allowed to air dry

before vacuum drying it for more than 24 hours at 40 °C.

The labelled

polymer was then redissolved in water and dialysed (using Spectrum
membrane tubing, 12,000— 14,000 MWCO) for about 5 days to remove any
free dye.

The dialysis removed some, if not all, of the unattached dye as

indicated by th e water outside the dialysis membrane turning yellow.

This

implies th a t fewer HPC chains were labelled than what was originally
intended.

The removal some of the fr

periodically, and the cell was stirred.
dried as described above.

The water was changed
The polymer was reprecipitated and

The labelled HPC will be referred as LHPC.
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Both LHPCs were subsequently tested for proper dye attachm ent.
solutions (concentrations < 1%) were measured by FPR .

The

The diffusivities

obtained were about 25 to 45 times slower than th at of the free dye at
similar HPC concentrations.

This confirmed th at the polymers were

fluorescently labelled.
The anisotropy arising from the restricted rotational diffusion of the
rodlike polymer should be considerably higher than th at of free dye.

The

experimental conditions for the depolarized measurements on the dye
labelled polymers were the same as those of the free dye in polymer.
Indeed, the steady state anisotropy jumped up by about a factor of six for
both LHPC-60,000 and —300,000.

The two LHPCs gave a mean r value

of 0.084 ± 0.004 (see Table IV.3 for complete results), with no indication
of concentration dependence.
Overall, the d ata from the fluorescence spectroscopy experiments
provide little evidence for possible chemically specific interactions as a
mechanism for reduction in transport of fluorescein dye in aqueous HPC.
Thus, the "anomalous" effect of non-conforming to the "universal curve" is
not because of specific interaction, as in the case of M R /PV A c/T ol, but
may be due to the nature of the HPC polymer. Recall th a t HPC has a
stiffer or rigid backbone compared to the typical random coil polymers
th a t have been reported to follow the "universal" behavior.

The mobility

of the dye may be further restricted by the extended propyl side—chains of
the cellulose.

5.

Free Volume Theory

5.1.

General Considerations
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According to free volume concepts, the movement of solvent molecules
or polymer chains in concentrated solutions is impeded by the presence of
neighboring molecules.

A molecule migrates by jumping into a void or a

"hole", which forms because the free volume in the system is being
continuously redistributed by therm al fluctuations.

In the case of the

sodium fluorescein dye, which is small compared to the polymer, the
jumping unit is the entire molecule.

As for the m atrix polymer, however,

the jumping unit is a small segment of the entire molecule.

The diffusant

molecule is assumed to vibrate about an equilibrium position until a
combination of two requirements occurs: (1) the dye molecule m ust attain
sufficient energy to jum p into a void, and (2) a void large enough to
accommodate the dye must be in the neighborhood of the molecule.
Therefore, th e rate of diffusion of a given small molecule through swollen
polymer may depend primarily upon the ease with which polymer chains
can exchange places with the diffusant in terms of free volume.
Two free volume theories, by Fujita and by Vrentas—Duda, are
commonly utilized to interpret the concentration and tem perature
dependence of diffusion of small molecules in polymer solutions
[22—26,35,42—48].

The theory developed by Fujita [24] provides a

reasonably successful description of the dependence of diffusion coefficients
on concentration for most systems [42-46] despite F u jita’s disclaimer that
his theory is inadequate for describing the diffusion of molecules th a t are
very small [42] and in the region of low polymer concentration [24].

Not

content w ith the qualitative success of the Fujita model, Vrentas and Duda
modified the free volume theory to account for the difference between the
diffusional behavior of small molecules and of the polymer jumping units
[26,27].

Their modified formulation is very complex and numerous free
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volume param eters are needed, most of which are not available for aqueous
HPC.

Therefore, only the simpler Fujita approach will be considered.

5.2.

Concentration Dependence

The relation between penetrant mobility and free volume was first
proposed by Cohen and Turnbull, who considered molecular transport in a
liquid of hard spheres and related the self-diffusion coefficient to the free
volume in th e liquid [49].

The free volume theory was later extended to

the solute-polym er system in various forms.

The best known of these is

the Fujita—Doolittle extension [50,51] which has served adequately to
describe the concentration dependence of the diffusant for many
polym er-diluent systems [48,52-54] including small dye probes in polymeric
solutions [21,23].

It will be of interest to assess the predictive capability

of the Fujita—Doolittle formulation with respect to our data.
To apply the

free volume concept to the concentration dependence of

the diffusioncoefficient, the Fujita—Doolittle expression is w ritten

in the

form:

tn f P i f f . r f . ) 1 _
L

D i ( T , 0 ) ] ~ f ( T , 0 ) + /3 ( T ) /( T ,0 ) tt ’

I3)

where at a given tem perature, /, the free volume, is assumed to be a
linear function of the solvent volume fraction, <f>u

1 P ',* 0 = l ( T fi) + 0 ( T ) h
and P (T) is,

[4]
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0 (T ) = h ( T ) - f (T ,0)

[5a]

where,
/ (T ,0) = h (T ).

[5b]

The quantities f\ and h denote average fractional free volumes in pure
solvent and polymer, respectively.

D i(T,0) is the diluent diffusivity in the

lim it of vanishing solvent concentration.

Bd is an empirical constant that

corresponds to the minimum hole required for a given diffusant molecule to
perm it such a displacement and has the same nature as the param eter B
in th e Williams, Landel and Ferry (W LF) equation [55,56].

For the sake

of simplicity, Bd usually has been set arbitrarily to a value near unity
[24,55,56].

As pointed out by Fujita [24], Equation 3 can be rearranged

to provide for two alternative linear plots to test its applicability to
experimental d ata and to determine the fractional free volumes and 0 (T )
from slopes and intercepts:

_

= / (?.*<’) + ffT.t,’)___ 1
In ac

&<■-*')
In ac

Bd

= ? (?,$') + / (T. 0.')
B d p (T )

r6.

B d 0 (T )

Bd

[7]

These equations have several new terms th at need to be discussed. To
extend this theory to describe the concentration dependence of the
diffusivities of two diluents in ternary solutions,
plus probe volume fraction.

now becomes solvent

Also, for our purposes, it is necessary to

assume th a t Ddye ~ D i} which is completely valid for the dilute dyes used
here.

Note th a t the reference concentration in Equations 6 and 7 has
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been adjusted from fa = 0 to <p\, where <f>\ is chosen as a reference for
the comparison of diffusivities at different concentration.

For the purpose

of this calculation, fa1 is assigned to the least diluted concentration.
Correspondingly, h (T ) is now replaced by / (T ,^ ir).

The value of the

ratio ac, the concentration shift factor, is D ifT ^ ij/D tfT y fa ) .
the value of unity.

Bd is given

Construction of the plots — (<0i— T) ( t n ac versus

<px~<p\ and —1/I n ac versus

should produce straight lines as

predicted by Equations 6 and 7, respectively— if free volume theory is
applicable to the system.

The free volume param eters, 0d and / (T,<pi)

may be determined from the slopes and intercepts of the plots, as
displayed in Figure IV.19 using Equation 7 and according to Equation 6 in
Figure IV.20 at 20, 25 and 30 °C temperatures.
A t first glance, the data seem to fit passably well using Equation 7
(Figure IV.19), but closer scrutiny reveals a slight break at around W2 =
0.2900 (<j>i~4>\ ss 0.3200).

The free volume parameters were subsequently

recalculated using points only from either the "dilute" or "concentrated"
region (Figure IV.21) where this boundary (marked by the vertical dashed
line) approxim ately coincides with the phase transition for HPC-60,000
from isotropic to lyotropic liquid crystal state (see Chapter II).

The linear

relationship according to Equation 6 fits quite well except for data points
at 20 °C (Figure IV.20).

The free volume param eters, / (T,<p*) and 0 (T )

obtained from th e slopes and intercepts of plots in Figures IV.19, 20, and
21 (from "dilute" and "concentrated" regimes) are tabulated in Table IV.4
for comparison.

Errors are the standard deviations of the linear-least

squares fit to the data.

Note th at the linear correlation coefficients from

the "concentrated" regime increase markedly compared to analysis including
the entire concentration range.
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Once / (T,<j>^) and fl(T) were determined, they were substituted into
Equations 6 and 7 to solve for ac at various values of <f>y

The calculated

ac will be referred to as acp v to avoid confusion with the experimental
shift factor.

The calculated acpv is a convenient way to test the theory

and has been used by others [23].

To accomplish this, Ddye is plotted as

I n [Cdye(i02)/£dye(O)] versus w3, where £dye is the frictional coefficient of
the dye.

According to the Stokes—Einstein relationship,

C dyeM =

Here, k is Boltzm ann’s constant.

■
.
Ddye ( W3)

[8]

Note th at under the assumption th at Di

can be replaced by Ddye, £dye(tt/2)/Cdye(0 ) is the same as D i(0)/D i(ty2).
The shift factor is supposed to predict the "shift" in the reference
concentration and account for the fact th at the reference values are not
the ones derived at zero solvent concentration.

If ac is successful in

accounting for the changes as concentration is varied, the curve of
[£dye(u)2)/£ d y e( 0 )] should m atch acp y[Ddye(0)/Ddye(u/2r)].

The solid and

dashed curves in Figures IV.22 and 23 are calculated for
acp v [.Ddye(0)/Ddye(u;2r)].

The shift factors in Figures IV.22 and 23 were

calculated using Equations 7 and 6, respectively.

Figure IV.22 indicates

th at the description of the concentration dependence according to the free
volume theory

for the dye diffusion data is reasonably adequate,

not as perfect

as obtained by Landry et al. on their system , of

M R /P S /T H F .

The theory gives a good approximation to the experimental

data (Figure IV.23) when Equation 6 is used except at T = 20

though

°C.

Further analysis is in order.
I t is of interest to examine how sensitive is the fit to the slight
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differences of the slope and intercept values from the "concentrated" and
"dilute" region.

The shift factor is recalculated according to Equation 7

and the new free volume param eters from the "concentrated" and "dilute"
regions were used.

The result of the analysis is shown in Figure IV.24.

Surprisingly, th e param eters extracted from the concentrated regime fit the
d ata more poorly th an th e ones from the dilute region (save for the data
set at T = 20 °C) whereas F ujita had expressed doubts regarding the
validity of th e theory at low polymer concentration.

The theory seems to

rely rather heavily on the weighting of the line fit through the data.

In

addition, we have seen earlier th a t the experimental d ata at 20 °C fits not
as well as when the alternate expression (Equation 6) is used.

The fact

th a t the inconsistencies occur imply th at the free volume theory is not
really viable for aqueous HPC solutions.

The simplest interpretation is

th a t the theory may not at all be appropriate in describing the transport
behavior of small molecules in the lim it of liquid crystal regime and this
should be re-evaluated with other systems.

6.

Molecular Models

Another attem pt to interpret dye diffusion data in HPC is from the
microscopic viewpoint of the immediate environment.

Most of the theories

have been devised to describe the diffusion behavior of solutes in gels
[57,58].

They concern obstruction effects, effects of increased hydrodynamic

drag, alterations of solvent properties, and involvement of the polymer [57].
The presence of impenetrable, slow moving polymer creates an
obstruction th at requires the diffusant molecule to travel a longer path
which reduces diffusion coefficient like a detour.

One of the most widely
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used obstruction theories is a contribution from Fricke [59].

The theory

was actually developed for the determination of the electrical conductivity
of a suspension of impenetrable objects th at may serve as a means of
determining the conductivity of a single particle in the suspension [59].

It

is assumed th at th e equation is also good for the very sim ilar problem of
determining the mobilities of the diffusant molecules in polymer solutions in
which th e polymer molecules are stationary relative to the diffusers [33,57].
The result is:

D/Do tt 1/(1 + f a / X).

[9]

D is the diffusivity of the diffusant molecule of interest, which in this case
is the th e dye in polymer solutions, and Do is the diffusivity of the dye
in pure solvent,

f a is the volume fraction of the polymer and x *s a

"form factor" depending on the shape of the polymer.

The obvious

lim itation of the above relationship is th at the appropriate form factor is
not known exactly.

However, the values are most likely to fall between 2

(for spheres) and 1.5 (for rods perpendicular to the gradient); for randomly
oriented rods, x - 1-67 [57,58].

For subsequent analysis, 1.5 is chosen for

the rodlike shape of HPC and on the supposition th at the HPC molecules
are all aligned in the direction th at gives maximum obstruction.

Another

lim itation of using Equation 9 is th at it does not properly account for the
presence of non—diffusing species in the neighborhood of the polymer
obstruction [33,60], such as structured water (see below).
The model of Mackie and Meares [61] considers the diffusant going
through a cubic lattice.

The lattice sites are occupied by the polymer

segments th a t obstruct the diffusing molecules.

For diffusion to take place,
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the blocked molecule m ust jum p to a nearest neighboring site.

This model

assumes th a t the size of the impenetrable obstructions is very small.

The

obstruction is evaluated in term s of the probability of the polymer
segments occupying the sites and the result is:

D /D o =

(1 -

[10]

h¥K 1 +

For flexible polymer segments, where there is rapid redistribution of sites,
this is modified to [61]:

D /D o = (1 -

& ) 3.

[11]

The results of the analyses are shown in Figure IV.25, which
illustrates th a t the predictions of Maxwell—Fricke, and Mackie and Meares
theories give a poor approximation to the experimental data.

As the low

experimental values of D /D o cannot be described by either obstruction
theories, it may be postulated th a t there exists an enhanced frictional drag
on th e diffusing dye molecule.

A plausible explanation is th at the

viscosity in the immediate vicinity of the polymer segments may be
increased due to the effective surface or wall drag [57,62].
Reduced mobility of the

dye in HPC m atrix may be further explained

with respect to possible modification of the behavior of water solvent.
The properties of water in the proximity of most solid interfaces tend to
differ appreciably from the bulk [63,64].

There is strong evidence th at

vicinal water undergoes some sort of structural ordering [65—69], though the
nature of the actual structure formed is debatable.

The existence of such

ordering was postulated based on anomalies in the properties (e.g. thermal,
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viscosity, electric conductivity) of the modified version of water [70—72] and
later, th e investigation was carried out mostly with the aid of a more
direct approach like NMR [73—75].

Various structural models of water at

interfaces have been set forth [63].

One of th e proposed models interprets

the w ater structure in terms of a clathrate-like formation, or clusters th at
resemble the structure of ice, but not as compact [63,76—78].

Another

suggests adsorption of a fraction of bulk water molecules on the solid
interfaces, which leads to the concept of "bound" w ater or the "hydration"
effect [57,79-82].

Since clathrates are more inclined to form in the

presence of electrolytes, they are not likely to occur in the neutral aqueous
HPC.

However, the idea of "bound" water could account for the transport

behavior of the sodium fluorescein dye in HPC solutions.

The presence of

"bound" water in our system, if any, may explain the consequent reduction
in the diffusivity of the dye in the polymer, as no distinction was made
between "free" and "bound" water in the treatm ent of our data.

W ater

entrained on the polymer molecules will effectively reduce the volume
fraction of the solvent, thus further restricting the mobility of the dye.
Such phenomena leads to the speculation th at there maybe a relation
to th e peculiar tem perature-com position phase diagram of aqueous HPC
solutions (see Chapter II).

During the gelation of HPC, an exothermic

enthalpy change is expected for the reason th at the HPC molecules are
forming an ordered state.
should be spontaneous.

At sufficiently high tem perature, the process
However, preliminary differential scanning

calorimetry (DSC) results show th at gelation of HPC is endothermic.

The

existence of structured water adsorbed to the polymer molecule could easily
account for the positive enthalpy change produced by the gelation process,
as the w ater molecules break away from their host, thus allowing the HPC
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to bo interconnected to form a gel network.

CONCLUSIONS

The newly constructed and tested F P R instrum ent has successfully
produced diffusivity measurements of a small dye in various concentrations
of HPC, up to almost 70% of H P C -1,000,000, and tem peratures, with
reproducibility well within the lim it of the technique— about ± 5 to 10%.
Employing F P R and QELS, the extrem a of behavior have been mapped
out in HPC.

Comparing the results of the latex and dye diffusion

experiments, it is d e a r th at there is a definite difference in the mobilities
of small probes relative to large ones.

In Chapter III we demonstrated

th a t the Stokes—Einstein equation describes the diffusion of the latex
spheres in ternary solutions fairly well.

In more viscous solutions, the

deviation from theory is up to about a factor of two, not as large as
concluded previously by other authors.

However, as we have expected in

the case of the sodium fluorescein probes, which is about 85 to 176 times
smaller than the latexes, the equation failed badly.

The ordered phase of

HPC does not seem to have any observable effect on the mobility of the
dye probe.

The dye may be small enough to move freely in the regions

not occupied by polymer.
The tem perature dependence of the dye diffusion in pure solvent to
58% HPC-60,000 exhibits an Arrhenius type of behavior.

Energies of

activation for diffusion extracted from the Arrhenius plot show an increase
with concentration.

This is also true for the pre-exponential factor.

The systematics of diffusion i6 different in HPC, which has a
sem i-rigid backbone, than those of random coil neutral polymer matrices.
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The existing theories th at have fit diffusion data of concentrated random
chains do not seem to describe the m icro-environm ent in HPC.

This is

made evident by the free volume theory (the Fujita—Doolittle version) th at
has predicted th e transport in random coils so well, but does not seem to
account for the observed diffusivity in HPC.

In addition, th e "universal

curve" is not applicable at all to diffusion in HPC.

Experiments using

fluorescence spectroscopy have determined th at there is no interaction
between HPC and sodium fluorescein.
The above discussion indicates the considerable effort which has been
concerned with the study of diffusion in polymer systems.

Very little has

been directed to elucidate the phenomena of diffusion in polymers having
rodlike matrices and in the concentrated regime, which is emerging in
importance in the production and processing of polymers.

RECOMMENDATIONS FO R FU TU RE STUDIES

Now th a t the diffusivities of latex and dye in HPC of three
molecular weights have been investigated, it is appropriate to propose
extensions to this investigation.

First of all, it would be interesting to

determine the existence of "bound" water in the HPC system which can
be accomplished by NMR.

A possible extension to the probe diffusion

studies in HPC is to go beyond the spherical probe limit.

Diffusion of a

rodlike probe in a rodlike polymer m atrix may be scientifically interesting
and could be a challenging project.

There are numerous possibilities, one

could investigate the diffusion of a short rod in a m atrix of long rods, or
vice versa; or both probe and m atrix molecules may be of identical size,
or even ternary mixtures of rods and coils.

The probe molecule can be
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the FIT C -labelled HPC.

The progressively efficient FRA P instrum ent with

the new scanning detection system can be very helpful in measuring these
systems, where the diffusivities of rods are expected to be much slower
th an small spherical probes.

Further studies can also include probes of

interm ediate size, say 5 to 50 nm.
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K Values (cm *)
Objective
Magnification

— ►

4X

7X

10X

18X

157

253.

389

583

100

314

508

778

1170

150

473

759

1173

1762

200

627

1013

1553

2341

300

945

1562

2311

3498

Ronchi Ruling Size
(lines/in)
I
50

Table IV. 1.

Available K Values Using Different Combinations of Ronchi Ruling Grating Sizes
and Objective Magnifications.

T (°C)

1/^ h 2o
(m l/g)

Vl
(ml/g)

v2
(m l/g)

linear correlation
coefficient

15.0

1.0009

1.0010 ± (2.67xl0-5)

0.8105 ± (2.44xl0-3)

0.9998

20.0

1.0018

1.0030 ± (1.88xl0*4)

0.7740 ± (1.19x10-2)

0.9946

25.0

1.0030

1.0037 ± (3.15xl0'4)

0.7939 ± (2.00x10-2)

0.9823

30.0

1.0044

1.0047 ± (1.48«10'4)

0.8057 ± (9.38x10-5)

0.9956

35.0

1.0060

1.0064 ± (4.20xl0-5)

0.8098 ± (2.67x10-5)

0.9996

40.0

1.0078

1.0080 ± (1.08«10-<)

0.8191 ± (6.88x10-5)

0.9974

Table IV.2.

Average Partial Specific Volumes of Aqueous HPC-60,000.
HPC.

1 = Water, 2 =

Reciprocal Densities of Water, 1/p H2q> are Obtained from CRC— Handbook

o f Chemistry and Physics.

62nd Edition, CRC Press:

Boca Raton, 1981—1982.

164

LHP C—60,000

% concentration
(g/™1)

r

0.0030

0.083

0.0060

0.087
0.086

0.0190
LHPC—300,000

Table IV.3.

0.0033
0.0011

0.080
0.082

Steady State Anisotropy of FITC Labelled HPC.
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Table IV.4.
Free Volume Param eters from the Fujita Theory for Sodium Fluorescein
Diffusion in Aqueous HPC Solutions.

Uncertainties (in parenthesis) are

Standard Deviations Calculated According to a Linear Least Squares Fit
from Bevington, P. R., Data Reduction and Error Analysis fo r the Physical
Sciences. M cGraw-Hill: New York, 1969. In Brackets are the Linear
Correlation Coefficients.

Equation 7
All Points

"Dilute" Regime

Equation 6
"Concentrated" Regime

All Points

T (°C)

f (T,<f>t)

p(T )

/ (T^i)

P(T)

/ (T,<f>i)

P(T)

/ (T tt f )

P(T)

20.0

0.0456
(0.0034)

0.0424
(0.0013)

0.0407
(0.0060)

0.0324
(0.0026)

0.0846
(0.0043)

0.1889
(0.0012)

0.1415
(0.0033)

0.3132
(0.0742)

[0.9860]

25.0

0.0363
(0.0053)

0.0234
(0.0022)

[0.9410]

30.0

0.0358
(0.0063)

0.0210
(0.0026)

[0.9191]

[0.9816]

0.0226
(0.0110)

0.0081
(0.0053)

[0.7889]

0.0234
(0.0140)

0.0081
(0.0066)

[0.7571]

[0.9986]

0.0882
(0.0041)

0.1871
(0.0012)

[0.9989]

0.2520
(0.0006)

0.1030
(0.0002)

[0.9997]

[0.9935]

0.0388
(0.0020)

0.0273
(0.0056)

[0.9961]

0.0364
(0.0018)

0.0217
(0.0050)

[0.9973]
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Figure IV .l.
Chemical structure of the water soluble fluorescent dye; fluorescein,
disodium salt.

C-ONo

NaO
Fl uo r es ce in , disodium salt

Figure IV.2.
Schematic diagram of the fluorescence photobleaching recovery
apparatus. L— lens; F— filter.
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Newport Research
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Figure IV.3.
The basic concept of fluorescence photobleaching recovery experiment is
very simple. First, the Fluorescent intensity is measured; a brief pulse
of high intensity light Photobleaches a portion of the fluorophores; and
subsequently the Recovery of the fluorescence by redistribution is
monitored.

0 . 5 to 3 .5 mm
r r

F lu orescen ce

P h otob leaching

F lu o r e s c e n c e
Recovery After
Photobleaching

Shutter Closed

Shutter Open

time
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Figure IV.4.
(a) Representative fluorescence photobleaching recovery raw data of
sodium fluorescein in hydroxypropylcellulose;

tb is duration of

photobleaching.
(b) Intensity recovery data from (a) is normalized and rearranged to
represent a decay of the perturbation in intensity caused by
photobleaching.

Three different curves are obtained depending on the

computation of the baseline (see text).
(c) Semilogarithmic representation of data shows the decay of
fluorescent signal is a single exponential within error. Normally, the
"slant" fit is chosen, and r is the linear correlation coefficient of the
the fit.
(d) U ncertainty of the measurement for the chosen normalized fit.
The abscissa is th e same as th a t for (b).
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Figure IV.5.
An idealized output for F P R experiment with Ronchi ruling in place
gives a recovery exactly halfway the initial intensity.

B^ is the initial

fluorescent intensity taken as the baseline, I f is the fluorescent
intensity, and T is the fluorescence recovery rate.
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B:

If (v o lts)

If — Bj — /S — oie r* 4- <5t -+- ...
Note:

a = A /2 =

{3 = Br/ 8 ;

6 = 0

T = DK2 ; D = t r a c e r self diffusivity
K = 2 n / L ; L = fringe sp acin g

tim e (s)

177

Figure IV.6.
Spatial dependence of average recovery rates of sodium fluorescein in
HPC—1,000,000. The numbers on the plot refer to weight fractions of
HPC. Only a portion of the experimental data is shown here to
minimize overlap.

The data set is measured at T = 30 ± 0.5 °C.
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Figure IV.7.
The apparent hydrodynamic radii of the dye calculated from the
diffusivities measured at different temperatures.
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Figure IV.8.
The solid curve represents macroscopic viscosity cubic fit measured
using a cone—and—plate viscometer (Chapter III), extrapolated to zero
shear rate.

Microviscosities were calculated from the diffusivities of the

two latex clusters in HPC—300,000 (stars and crosses) but using the
latex spheres radii; using clusters radii (filled squares and triangles);
and from sodium fluorescein diffusivity data for HPC—60,000,
HPC—300,000 and HPC—1,000,000 (open triangles, circles and squares).
Dashed line is an exponential fit to the dye data.
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Figure IV. 9.
The plot of the normalized diffusivity versus probe size emphasizes the
difference in the diffusional behavior of small and large molecules in
HPC (shown here for two different HPC concentrations).

CL-850 and

CL-1760 represent clusters formed by the 85 0 - and 1760—A diameters
latex spheres, respectively (refer to text for actual sizes).
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Figure IV.10.
Arrhenius plot for the diffusion of sodium fluorescein dye in pure water.
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Figure IV. 11.
A semilogarithmic plot of Ddye versus 1 /T for Arrhenius analysis of
sodium fluorescein diffusion in H PC /w ater system. The concentrations
are listed in the legend in weight fraction of the polymer (M = 60,000
g/m ol).

Also included is part of the data shown in Figure IV.10

(sodium fluorescein in pure water).
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Figure IV. 12.
Energy of activation for sodium fluorescein diffusion in aqueous
solutions of HPC-60,000 increases with HPC concentration.
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Figure IV.13.
Concentration dependence of the pre-exponential factor, D ' , of the
Arrhenius equation shows similar trend as the activation energy
(Figure IV. 12).
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Figure IV.14.
Semilogarithmic representation of dye diffusivity normalized to th at in
pure water versus wHpc in three different HPC molecular weights (see
figure legend).

Do = (5.54 ± 0.15) * io*fl cm2/s at T = 30 ± 0.5 °C.
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Figure IV.15.
Plot of reciprocal densities of aqueous HPC-60,000 as a function of
weight fraction at various temperatures.
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Figure IV. 16.
Normalized diffusivity as a function of polymer volume fraction for five
different systems at various tem peratures. The code for the ternary
systems specifies the probe/m atrix/solvent in th at order.
represents sodium fluorescein.
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Figure IV.17.
Steady state fluorescence anisotropy of sodium fluorescein in aqueous
H PC—1,000,000 measured at ambient tem perature.
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Figure IV. 18.
Stern—Volmer plot to test HPC—1,000,000 quenching of sodium
fluorescein.
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Figure IV. 19.
Plot of — (0 i — (p i)/in ac versus (f>\ — <p* at three tem peratures for
sodium fluorescein diffusion in aqueous HPC-60,000 solutions. The
reference solvent volume fraction, <pi, corresponds to the highest
polymer concentration measured, uiHpc = 0.5811 {4>* = 0.4710 a t T =
30 °C). The solid and dashed lines are linear least-squares fits to the
data.

The vertical dashed line is an approximate isotropic—liquid

crystal phase boundary. The free volume volume param eters / (T,if> *)
and P(T) are extracted from the slopes and intercepts of each line, and
are tabulated in Table IV.3.
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Figure IV.20.
Plot according to Equation 6, —1fin ac against l / ( 0 i — (f>\). The plot
was analyzed in a similar manner as Figure IV. 19. The free volume
param eters are tabulated in Table IV.4.
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Figure IV.21.
The graph is the same one in Figure IV.19 (Equation 7).

The free

volume param eters are recalculated considering points only in the
"concentrated" regime (to the left side of the vertical dashed line), or
the "dilute" regime, independently. The free volume param eters from
the two regimes are shown in Table IV.4.
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Figure IV.22.
Concentration dependence of the sodium fluorescein frictional
coefficient, (dye, for three temperatures. The dashed and solid lines
represent th e best fits to the data using the free volume parameters
from Equation 7 listed in Table IV.4.
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Figure IV.23.
Same as Figure IV.22 but the fits are calculated according to the free
volume parameters extracted from Equation 6.
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Figure IV.24.
Concentration dependence prediction of the F ujita free volume theory
using the free volumes parameters from the "dilute” polymer regime
shown in (a) and the "concentrated" region in (b) calculated using
Equation 7.
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216

f d y e ( w HPC
< d y e(0 )

fit 2 0
fit 2 5
f t 30
lines fit
0 .2
W h P C - 6 0 ,0 0 0

0 .3

a c, F v ( D o / D ;

217

Figure IV.25.
Diffusivity of sodium fluorescein in three molecular weights of HPC at
30 °C as a function of polymer concentration compared to the
predictions of the Maxwell (for rods); and Mackie and Meares
(assuming stationary m atrix).
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BACKGROUND

. Rodlike polymers are prized for their utility in making high-strength
fibers.

Some also feature excellent chemical, oxidative and therm al

stability.

As a result, most rodlike polymers can only be processed from

solutions.

Methods for producing fibers and films from such

high-perform ance polymers as poly(p—phenylenebenzobisthiazole), PB T , are
well known [1], mostly by a spinning process.

The production of

three-dim ensional materials from the same polymers has been virtually
ignored.

However, by exploiting the thermoreversible gelation of rodlike

polymers, it is possible— even easy— to make spatially filling foams.
Foams made by this method are often u ltra light [2] and display very
small pore sizes (1—50 fan), usually almost 100% porous, compared to other
methods [3].

Foams from rodlike polymers are attractive materials and

have many potential applications;

they could be developed into superior

insulators, fillers, filters, porous electrodes, catalysts and chromatographic
supports, and artificial skins.

Furthermore, low density m aterials continue

to be needed as "structural air" and cushions for inertial confined fusion
(ICF) targets [4-6].

The main goal of the ICF research is to generate

energy by imploding targets containing deuterium -tritium fuel to harness
the power of fusion, as scientists have hoped for decades, th a t might
provide an essentially unlimited and relatively safe source of energy with
some taming.

As the research continues, the requirements for th e targets

become more and more stringent.
Microcellular foams of non rigid polymers have been reported.
and Clough [7] were the first to develop low density, microcellular

Aubert
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polystyrene foams.

Williams and Moore [8 ], subsequently explored new

polymer/solvent systems.

They discovered th at the structures and densities

of th e foam can be programmed by varying the rate of cooling, types of
solvents, or leaving th e preparation in open or closed system [8 ].

Jackson

et al. [9] have successfully made low density foams from
poly( 7 -benzyl—a,^-g lu tam ate), PBLG.

We have made microcellular foams

of PBLG by a slightly different method, and also made foams from
poly(p—phenylenebenzobisthiazole), PB T , a polymeric m aterial developed by
the Air Force specifically for high strength, high tem perature and
light-w eight applications.

Both PBLG and P B T are rigid rod polymers

but have very different chemistry.

PBLG (Figure V .l), a synthetic

polypeptide with long side chains, has an a-helical configuration th at gives
rise to its rigidity in many solvents.

PB T (Figure V .l) is a rigid rod

because of its highly conjugated backbone th at does not allow the structure
to bend or twist, and is only soluble when it is highly charged in very
acidic solvents such as hot concentrated sulfuric acid, m ethane sulfonic
ad d , or poly-phosphoric acid [10 ].
The prim ary factor th at influences the formation of the foam
microstructures is phase separation [11].

The phase behavior of rodlike

polymers has been considered theoretically by Flory [12,13] and
experimentally by Miller and co-workers [14—16].

Under poor solvent

conditions, a liquid-liquid phase separation is predicted, in which one phase
is dilute and isotropic and the other is concentrated and ordered.
is such a clean phase separation obtained.

Rarely

Instead, on any observable

tim e scale, the solution morphology in the wide biphasic regime of the
Flory phase diagram of rodlike polymer depends strongly on sample history.
If the wide biphasic regime is entered by dramatically and suddenly
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reducing the solvent power of a single phase isotropic or liquid crystalline
solution, a gel is usually th e result.

Several studies to characterize the

formation of such gels, which may occur via spinodal decomposition, have
appeared [19—25], but additional work needs to be performed before a
conclusive mechanism is identified, except in the system of the semirigid
polymer HPC in water, which really does appear to phase separate by
spinodal decomposition [19,24].

The structural networks and/or microporous

structures of several rodlike polymer gels have been observed directly in
the wet state [20,25,26].
The basic strategy of foam production from rodlike polymers (see
Figure V.2) is to "lock in" the porous u ltra structure of the gel.
Subsequent removal of the solvent phase will leave a rigid and porous
foam structure, which may or may not, in fact bear much resemblance to
the original gel.

Thermoreversible gelation of rodlike polymers can occur

even at a few tenths of a percent concentration.
can be produced if shrinkage can be avoided.
solvents

Hence, u ltra light foams

Jackson et a l searched for

in which liquid—liquid phase separation precedes freezing of a

sublimable solvent [9].

The cooling is both rapid and directional, and

sublimation can immediately follow freezing.

This is highly convenient for

the production of foams in PBLG and other polymers miscible in relatively
volatile solvents [7].

However, it may not be applicable to certain rodlike

polymers, such as PB T , th at are soluble only in very strong acids.
Therefore, our efforts have focused on a less rapid method in which a
solvent selected for convenience of gel formation is slowly and gently
exchanged for a sublimable solvent.
As th e work in this chapter is mostly targeted to new m aterials
made via gelation of rodlike polymers, we have included HPC in the
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study.

W ith HPC, however, the goal was not to make foams but rather

take advantage of the gelation process and interfuse the superstructure with
other m aterial to create a composite or a "polymer alloy", w ith chemical
and mechanical properties th a t are different from the individual materials.

MATERIALS AND EXPERIM ENTAL PROCEDURE

HPC of molecular weight 300,000 g/m ol and green fluorescent
polystyrene latex spheres (F—LATEX) of diameter 0.91 fan were obtained
from Scientific Polymer Products and Duke Scientific ( c a t# 357, lo t#
8534), respectively.

PBLG of nominal molecular weight 91,000 g/m ol was

purchased from Sigma and used as received.

PB T was donated by

Professor Frank E. Karasz from the University of M assachusetts, and had
an intrinsic viscosity of 18 dL/g, corresponding [27] to a molecular weight
of 29,000 g/m ol.

Reagent grade solvents were used without further

purification.
The polymer solutions were prepared by weight;

PBLG was dissolved

in toluene at about 70 °C and PB T in concentrated (97%) sulfuric acid at
about 100 °C while being stirred with a magnetic flea.
was about 1 % (wfw).

The concentration

Two PBLG /toluene gels are reported herein.

They have virtually identical concentrations (3.4 ± 0.1 weight percent), but
one was formed at 25 °C (in a constant water bath) and the other at —5
°C.

PB T gels were cooled to room tem perature.

The rate of cooling, or

gelation was not controlled for any of the solutions.
A hollow cylindrical stainless steel rod was used like a cookie cutter
to obtain gel of reproducible shape.

These cylindrically shaped gels were

then exposed to a saturated atmosphere of benzene in the case of PBLG,
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and w ater for P B T , for gradual replacement of solvents.

Puddles of

exchanged solvents around th e gels were removed periodically until all of
the original solvents were exchanged (see Figures V.3a and 3b for
schematic procedures).

During the solvent replacement step, it was

necessary to keep th e PBLG /toluene system at a low tem perature
(as 5 °C) as PBLG is slightly soluble in benzene at higher tem perature.
Benzene was not used as original solvent because PBLG will not always
gel in it.

The original solvents were exchanged for more sublimable ones.

In the case of PB T , it is im portant to note th at the characteristic
greenish color of th e protonated polymers is retained in the gel; th e color
changes from green to brownish orange only as the gel is slowly rid of the
strongly acidic solvent [26].
using litm us.

Complete removal of sulfuric acid was tested

P B T is absolutely insoluble in water.

Subsequently, the

gels were frozen and quickly transferred to a vacuum vessel in which
tem perature was m aintained at —5 °C for sublimation of solvents.

It is

im portant to introduce atmospheric air very slowly into the vacuum
chamber for the foams collapse or shrink easily.
The production of HPC—PS composite was even simpler than th a t of
the foams.

As HPC solutions gel upon heating, the solvent exchange and

freeze drying steps were eliminated.
latex spheres added.

HPC was dissolved in w ater with the

The m ixture was heated up to the melting point of

polystyrene until an optically clear film was formed.

The process was

monitored through an optical microscope in the epi—fluorescence mode.

RESULTS AND DISCUSSION

A clear PBLG gel was formed when the solution was quenched to
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—5 °C, but a highly turbid gel was obtained when the solution was
allowed to gel at room tem perature.

These results are in agreement with

previously published light scattering data on PBLG /toluene and
PBLG/dim ethylform am ide [18], which showed th a t the scattering power of
the gels is a strongly increasing function of the gelling tem perature.

The

exchange with benzene, which is not a gelling solvent, is nevertheless
carried out without any noticeable change in the cylindrical shape of the
gel.

The structures of the foams obtained from turbid and clear gels

appear to be different, as evidenced from the scanning electron micrographs
(Figures V.4 and 5), with the more turbid gel yielding the larger pore
size.

The pore sizes are very much larger than the previously measured

characteristic scattering radii of the intact gels [18].

The foam pore size

is also larger than the mesh size of the network visualized previously in
the wet gel using epi—fluorescence microscopy [18,25].
apparent discrepancies come as no real surprise.

However, these

It is possible, first of all,

th a t the structure is modified during the benzene exchange, benzene
freezing or sublimation steps.

Secondly, the presence of structures on the

order of 50 pan would have been difficult to observe on the instrum ent
used in previous light scattering studies, since the lowest available
scattering angle was 0.5°.

Finally, the network structure viewed by

epi—fluorescence microscopy might not well represent the parent gel under
the present conditions of formation.
The PB T foams, Figure V. 6 , are structurally different from the PBLG
foams.

The basic structure of the PBLG foams, which appear qualitatively

similar to those reported by Jackson et al. [9], is "cellular", th at is, there
are large open regions of more or less uniform size, bounded by relatively
thin walls.

The P B T foams, on the other hand, display a range of mesh
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sizes from 0.5 to 15 fan, and one does not so easily imagine "walls" and
"cells".

However, it is interesting th a t the P B T foam shown in Figure

V .6 is actually less dense than either PBLG foams in Figures V.4 and 5.
The structure of the wet PB T gel has been observed many tim es by
epi—fluorescence microscopy [25,26], and is qualitatively similar to the foam
structures shown here.
Although the resultant foam structures have strikingly different
appearances, both systems produced very light-w eight m aterials.

The

estim ate on th e density of the PBLG foam was 0.05 g /cm 3 and the PB T
was about 0.0075 g /cm 3 (0.5 lb /f t3).

The density of the P B T foam was

three times less dense than a typical polyurethane foam.

A recent

discovery at th e Air Force Materials Laboratory was th a t these foams
could be compressed (by a method called viscous—sintering) to create bulk
polymer having sufficient integrity and strength to withstand machining
[28].

Thus by taking advantage of gelation, high-perform ance polymers

such as PB T can now be fabricated into objects of arbitrary shape, instead
of only in the forms of fibers and films.
In the case of HPC gel, a filler is required as the HPC network is
not sufficiently strong to support itself.

A t about 40 °C HPC in the

m ixture of HPC and PS in water started to gel (see Chapter II), forming
a bicontinuous network w ith the still intact PS spheres forced in the open
regions of the m atrix, Figure V.7.

Upon continued heating w ater was

driven off, and beyond the melting point of PS, the PS melted uniformly
throughout the open m atrix of HPC, creating a reinforced HPC—PS
composite.
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Figure V .l.
Chemical structures of poly(p-phenylenebenzobisthiazole) and
poly( 7 -benzyl—a, Zr-glutamate).
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Figure V. 2 .
Strategy for foam production from rodlike polymers.
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Figure V.3.
Schematic diagram for production of foam from (a)
(b) PB T gel.
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Figure V.4.
Scanning electron photomicrograph of PBLG foam from the turbid gel.
Bar marker represents 50 (im.
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Figure V.5.
Scanning electron photomicrograph of PBLG foam from the clear gel.
Bar marker represents 50 fjan.

Figure V.6 .
Scanning electron photomicrograph of PB T foam. Bar marker
represents 50 fjm.
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Figure V.7.
Photomicrographs taken in the epi—fluorescence mode.

The intact

fluorescently tagged polystyrene latex beads are trapped in open region
of HPC m atrix (top picture).

As the latex melts, it fills the open

region forming an optically clear H P C -P S composite (bottom picture).
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